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Abstract 
Integrating air-based photovoltaic thermal collector (PVT) systems into the design and 
operation of buildings has been considered as a promising solution to reducing energy 
consumption. A great deal of research has been conducted over the past decades to 
investigate the technical feasibility of using PVT systems for space heating. However, 
the application of air-based PVT systems for space cooling, particularly to regenerate 
the desiccants in rotary desiccant cooling systems, is an area to be investigated. The 
main operational challenge of using PVT systems in desiccant cooling processes is 
their limited capability to provide thermal energy with a relatively high temperature 
for the desiccant regeneration and their high initial cost. There are also knowledge 
gaps on the modelling, design optimisation and economic analysis of the PVT systems. 
This thesis aims to develop, evaluate and optimise high-temperature PVT systems and 
quantify their economic feasibility and to develop a methodology for evaluating the 
technical feasibility of using the PVT systems to regenerate the desiccants in rotary 
desiccant cooling systems. 
Two new PVT technologies were first developed for achieving high outlet air 
temperature (60-90oC) to be used in a rotary desiccant cooling system. The proposed 
systems included a photovoltaic thermal (PVT)-solar air heater (SAH) system with 
fins and a photovoltaic thermal (PVT)-solar air heater (SAH) system with heat pipes, 
which were developed for improving traditional PVT designs with heat transfer 
enhancement and reduced heat loss.  
Dynamic models for the proposed PVT-SAH systems were developed to enable 
evaluations of their thermal and electrical performance under real operating conditions. 
The systems were discretised into a number of control volumes, and the energy balance 
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equations for each control volume were defined and solved simultaneously. Model 
validations were successfully undertaken by comparing the simulation results with 
collected experimental data and with reference data from the literature. The dynamic 
model of the PVT-SAH with fins was used as an example to run simulations under 
variable boundary conditions and its performance was compared with an equivalent 
steady-state model. Significant Time Constants (TC) were observed and it was found 
that the steady-state model could overestimate the thermal energy gains of PVT-SAH 
by 35% when compared with the predictions of the dynamic model. Additional 
simulations were conducted to test the numerical stability of the models and investigate 
the effect of specific design parameters on the performance of the PVT-SAH system 
with fins. In addition, the PVT-SAH system with heat pipes was found to deliver more 
efficient cooling effect to the PV panel and improve the temperature uniformity of the 
PV panel. The results from this study justified the importance of using dynamic models 
for predicting the thermal performance of the PVT-SAH systems and demonstrated 
that the dynamic model could be a useful tool for the optimal design of the PVT-SAH 
systems.  
A multi-objective design optimisation strategy was further developed to 
simultaneously maximise the conflicting outputs of the useful thermal energy 
generation and net electricity gains from PVT-SAH systems. The Taguchi method with 
analysis of variance (ANOVA) was first used to design the simulation exercises and 
identify the non-significant system parameters to reduce the optimisation size. The 
multi-objective design optimisation problem was then formulated to determine the 
optimal values of the key design parameters identified. A decision-making method 
using Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) was 
further used to determine the final optimal design from the set of Pareto Fronts 
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generated. The effectiveness of the proposed optimisation strategy was demonstrated 
by optimisation case studies conducted respectively for the PVT-SAH systems with 
fins and with heat pipes under the design conditions of Darwin, Australia. In addition, 
the variations of the thermal and electrical performance of the resulted optimal design 
of PVT-SAH with fins were found to be small over a wide range of operating 
conditions.  
Following the modelling and design optimisation of PVT-SAH systems, the economic 
feasibility of using PVT-SAH systems for regenerating the desiccants in a rotary 
desiccant wheel was investigated. The life-cycle cost saving method and three 
economic performance indicators were employed for the economic analysis. An 
uncertainty analysis was also conducted to investigate the risks associated with the 
investments on the PVT-SAH systems due to the uncertainties in the cost parameters 
related to their construction and operation. The results showed that the PVT-SAH with 
heat pipes outperformed the PVT-SAH with fins regarding the useful thermal 
efficiency (maximum useful thermal efficiency was in the range of 67.2-69.2% for the 
heat-pipe PVT-SAHs and 60.2-61.7% for the PVT-SAH with fins). The PVT-SAH 
systems with heat pipes had higher capital construction costs than the PVT-SAH with 
fins but can still offer an annualised life-cycle cost saving that ranged from A$925 to 
A$4606 and a payback time between 5.7 and 16.8 years.  
To examine the technical feasibility of integrating a PVT-SAH with a rotary desiccant 
cooling system, an integrated model of a rotary desiccant cooling system with a PVT-
SAH was developed and coupled with a building model. The coupled models enabled 
the assessment and optimisation of the performance of the cooling system. The 
integrated model was then used to quantify the performance of the hybrid desiccant 
cooling system (i.e. Solar Fraction and the Coefficient of Performance) and its 
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response to the various sizes of PVT-SAH systems. The results showed that the design 
of the PVT-SAH can significantly improve its utilisation in a desiccant cooling process. 
For a case study commercial building in a hot and humid climate, the maximum 
electrical COP of the cooling system was found to be 19.8 with the Solar Fraction of 
96.6% when the PT-SAH was optimised, which was higher than those for non-optimal 
designs that ranged from 0.6 to 15.1.  
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𝑐ℎ𝑎𝑛𝑛𝑒𝑙 air channel of the PVT-SAH with fins 
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𝑓 flowing air in the PVT-SAH with fins 
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𝑔1 glass cover for the PVT module of the PVT-SAH with heat pipes 
𝑔2 glass cover for the SAH module of the PVT-SAH with heat pipes 
𝑔𝑎𝑝 cavity air gap between the glass cover and PV panel or absorber plate 
for the PVT-SAH with fins 
𝑔𝑎𝑝1 cavity air gap between the glass cover and PV panel for the PVT-SAH 
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𝑖𝑛 inlet of the air channel; inside surface of heat pipes 
𝑖𝑛𝑠𝑢 insulation materials under the PVT-SAH with fins; insulation layer between 
the upper and lower air channels of the PVT-SAH with heat pipes 
𝑗 the 𝑗𝑡ℎ time step for the simulation; the 𝑗𝑡ℎ control volume of the SAH in the 
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𝑠𝑡 steel materials 
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Chapter 1: Introduction 
 
1.1 Background and motivation 
The rapid growth of global energy consumption, in conjunction with the raised 
concerns over the energy shortage and environmental issues (e.g. ozone layer depletion, 
global warming, air pollution) has led to the extensive research and development work 
on the low-energy consumption technologies (Pérez-Lombard et al., 2008). Buildings 
are responsible for 30-45% of the global energy use, with approximately 40% of 
building energy consumption being resulted from the operation of heating, ventilation 
and air conditioning (HVAC) systems (Yang and Li, 2015). Due to the demand for a 
higher level of thermal comfort, the building energy consumption is expected to further 
increase by 30% by 2035 (Saheb, 2011). It is therefore essential to incorporate energy-
efficient or renewable-energy technologies into the design and operation of buildings 
to promote energy efficiency and sustainability. 
In the past decades, extensive studies have been made to develop different energy-
saving technologies for buildings, for example thermal storage, heat recovery 
technologies, heating and cooling assisted by renewable energy, advanced building 
control systems, etc. (Henning, 2007; Khudhair and Farid, 2004; Mardiana-Idayu and 
Riffat, 2012; Zaheer-Uddin and Zheng, 2000). Among these technologies, the 
photovoltaic-thermal (PVT) collector (Figure 1.1) has been recognised as an 
environmentally friendly and sustainable solution to providing thermal and electrical 
energy to buildings.  
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Figure 1.1. An example of the PVT system, stand-alone PV system and a thermal collector 
(Yazdanifard and Ameri, 2018). 
The PVT system has the advantage over a stand-alone PV system or a solar thermal 
system of being able to produce electricity and useful thermal energy simultaneously. 
Furthermore, the overall efficiency resulted from a PVT has been found to be higher 
than the sum of the thermal efficiency and electrical efficiency obtained from a stand-
alone PV system and a solar thermal collector under the same testing conditions (Chow, 
2010). A PVT system is usually mounted on the roof or integrated with the building 
façade as a building-integrated photovoltaic thermal (BIPVT) collector. In recent years, 
air-based PVT systems are gaining increased popularity due to the advantages of lower 
possibility of corrosion and leakage, more compact structure, and lower initial and 
maintenance cost in comparison with water-based PVT systems (Sohel et al., 2014). 
The electricity produced by a PVT can be used to reduce the electrical demand from 
the local grid and the collected hot air from air-based PVT systems can be directly 
ducted to the space when heating is needed. The use of PVT systems for space heating 
has been previously demonstrated in several studies (Agrawal, B. and Tiwari, G., 2010; 
Anderson et al., 2009; Kamthania et al., 2011; Sohel et al., 2014). 
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An air-based PVT system could also be used with a rotary desiccant cooling system to 
provide space cooling in summer seasons when the solar radiation is most abundant. 
Solar-assisted desiccant cooling systems have been regarded as an alternative 
promising technology to the conventional vapour compression systems because they 
can cover the sensible and latent loads simultaneously with lower operating costs and 
environmental impacts. In a solar-assisted desiccant cooling process, the solar systems, 
which are usually water-based solar thermal collectors or solar air heaters (SAH), are 
used to collect thermal energy to regenerate the desiccant in a rotary desiccant wheel. 
However, there is a challenge to utilise an air-based PVT for the desiccant regeneration 
process. This is because the desiccant cooling process requires the source of thermal 
energy to be at a relatively high temperature (60 to 90 ℃) so that the desiccant can be 
effectively regenerated (Ahmed et al., 2005). However, air-based PVT systems have 
generally lower thermal efficiency than solar air heaters and cannot easily maintain 
their outlet air at the desired temperature. Most of the currently available PVT systems 
have employed conventional designs, while limited efforts have been made on 
investigating possible heat transfer enhancement or solar augmentation technologies 
that could potentially improve the thermal and electrical performance of PVT systems 
It is therefore desirable to further develop high-temperature PVT systems which can 
be incorporated into a desiccant cooling system to enhance the building energy 
efficiency. 
The thermal and electrical output of new PVT systems is highly important for 
justifying the feasibility of such systems in practical applications. In recent years, 
simulations have been widely used to evaluate the performance of PVT systems and 
calculate the temperature distributions along the PVT layers and the flowing air 
(Bambrook and Sproul, 2012; Cox and Raghuraman, 1985; Garg and Adhikai, 1997; 
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Garg and Agarwal, 1995; Morita et al., 2000; Shahsavar and Ameri, 2010; Sopian et 
al., 2000; Tonui and Tripanagnostopoulos, 2007). The predicted temperature of the PV 
components can be used to calculate the electrical efficiency (or electricity output) 
using existing empirical correlations. The obtained temperature of the flowing air and 
of the other construction components can be used to calculate the output of thermal 
energy and analyse the heat transfer characteristics in the structure of PVT systems. 
However, most of the mathematical models used in the above studies are steady-state 
models, where the effect of heat capacitance of the construction components on the 
heat transfer in the PVT system is not considered. The weather conditions are subject 
to quick and frequent fluctuations within a short period, and the effect of the time 
constant of the PVT systems could be significant. In such cases, steady-state models 
might lead to an over or underprediction of the thermal output. Schnieders (1997) 
reported that compared with a dynamic model for SAHs, a steady state model could 
lead to up to 15% of overestimation of the daily yield of thermal energy when one-
minute input data was used. Applications where dynamic modelling is essential for the 
PVT include: the investigation of operational control strategies, performance 
comparison with experiments working under dynamic weather conditions and 
interactions with other system components which often require dynamic output data 
from PVT as input parameters. For example, if a PVT is connected with an auxiliary 
heater, the accurate prediction of the outlet fluid temperature from the PVT will 
significantly influence the economical operation of the auxiliary heater. Despite the 
advantages of dynamic models, only a limited number of such models have been 
available in the literature. Moreover, most of the existing dynamic models were 
developed based on a specific design of the PVT system and is not applicable to a 
different PVT design. Therefore, there is a need to develop dynamic models of the 
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high-temperature PVT systems which can be used for performance evaluation, design 
optimisation and development of control strategies under realistic operating conditions.  
The other key challenge related to the use of PVT systems is the reported lower-than-
expected operating efficiency and the gradual degradation of long-term performance 
due to the potentially improper selection of their design parameters. The amount of 
thermal and electrical energy produced from PVT systems is a complex function of 
various design parameters. Previous research efforts have investigated the optimal 
values of the design parameters of PVT systems, for example the mass flow rate 
(Bergene and Løvvik, 1995; Chow, 2003; Garg and Agarwal, 1995), number of glass 
covers (Choudhury et al., 1995a; Chow et al., 2009; Yang and Athienitis, 2014), 
channel geometry (Zondag et al., 2003), absorber design parameters (Akpinar and 
Koçyiğit, 2010; Bergene and Løvvik, 1995; El-Sebaii and Al-Snani, 2010; Florschuetz, 
1979), PV technology (Garg and Adhikari, 1999; Kalogirou and Tripanagnostopoulos, 
2007), geometry of fins (Matrawy, 1998; Omojaro and Aldabbagh, 2010), etc. 
However, the interactions or interrelationships between the various design parameters 
are expected to influence the thermal and electrical performance of PVT systems. Most 
of the above studies were focussed on the effect that individual design parameters may 
have on the thermal/electrical performance of PVT systems. Therefore, there is no 
guarantee that the designs derived from the above methods are optimal or near optimal 
designs. It is hence essential to develop a new optimisation strategy to enable the 
design parameters of the PVT systems to be systematically optimised for maximising 
the thermal and electrical outputs. Moreover, flexibility of determining the optimal 
designs of PVTs needs to be incorporated into the optimisation strategy to satisfy the 
designers with varying preference for electricity or thermal energy gains. 
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Besides the technical performance evaluation and design optimisation, the economic 
characteristics of the high-temperature PVT systems are another important aspect that 
needs to be considered. One of the objectives of developing new PVT technologies is 
to provide the useful thermal energy and electricity from the sun that is cost 
competitive. The economic feasibility of high-temperature PVT systems is critically 
important to their commercial promotion, especially in rural areas and developing 
countries. Although a number of PVT projects have been implemented and reported 
in the literature, there still exists many constraints and problems that need to be 
investigated from the economic viewpoint. The financial viability of the new PVT 
system is dependent on the upfront capital cost, lifetime of the systems, maintenance 
cost, salvage value, interest rate, inflation rate, etc. Efforts should be made to 
comprehensively examine the economics of PVT systems by considering all potential 
costs occurred in their whole life cycle.  
The technical and economic performance of a stand-alone PVT system can be 
evaluated through the work performed by modelling and optimisations. However, it is 
also essential to examine by how much energy efficiency can be enhanced when 
integrating new PVT technologies into a target thermal energy application, in 
particular a rotary desiccant cooling system. The energy efficiency of the desiccant 
cooling system assisted by a PVT system can be measured by the Coefficient of 
Performance and Solar Fraction. The values of these performance indicators depend 
not just on the design of the PVT system and the climate-related variables, but also on 
the interactions between the PVT system with other components involved in the 
desiccant cooling system. It is therefore desirable to develop an integrated model of 
the desiccant cooling system with a PVT and couple it with a building model so that 
the dynamic characteristics and interactive behaviours of the components can be 
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accounted for. The coupled models of the system and the building can then be used to 
quantify and optimise the performance of the system with regards to cost and energy 
efficiency. 
1.2 Research aim and objectives 
The overall aim of this thesis is to develop, evaluate and optimise high-temperature 
PVT systems and to develop a methodology for evaluating the technical feasibility of 
using the PVT systems to regenerate the desiccants in a rotary desiccant cooling 
system. The following objectives were defined to satisfy this aim: 
I. Identify PVT system technologies that could be potentially used to provide 
high-temperature thermal energy and electricity to assist the operation of a 
desiccant cooling system. 
II. Develop dynamic thermal models that can be used to investigate the heat 
transfer characteristics of the identified high-temperature PVT systems. 
III. Derive an optimal design strategy for maximising the thermal and electrical 
performance of the PVT systems. 
IV. Develop a methodology for incorporating economic analysis into the 
performance evaluation of high-temperature PVT systems. 
V. Develop a simulation system of the rotary desiccant cooling system with a PVT 
that is linked with a building and evaluate its technical feasibility through 
system and whole building simulations.  
1.3 Research methodology 
The research methodology used in this thesis is summarised in Figure 1.2. 
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Objective I was achieved through literature review and by identifying the potential 
heat transfer enhancement technologies and methods for reduced heat loss that can be 
applied to improve the thermal and electrical performance of air-based PVT systems.  
Objective II was achieved through discretisation of the system in finite volumes and 
by developing afterwards the transient heat balance equations for all construction 
components and for the flowing air. The finite volume technique (FVM) and the 
unconditionally stable Crank-Nicolson scheme were used to solve the set of governing 
equations. The developed dynamic models of the different PVT designs of this study 
were validated by comparing the simulation results with data tested under real 
operation conditions or with the reference data reported in the literature. Using the 
developed dynamic models, the heat transfer characteristics and dynamic response of 
the thermal and electrical outputs of PVT systems to the changes of the operating 
conditions can be analysed. 
The dynamic models developed to address Objective II were then used for the 
development of design optimisation strategies and performance evaluation of the 
derived PVT system designs (Objective III). The key design parameters of the PVT 
systems were first identified through a sensitivity study using the Taguchi method with 
ANOVA analysis and global sensitivity analysis. The design optimisation method 
using a Genetic Algorithm was then developed to optimise the identified design 
parameters of the PVT systems for maximising the thermal and electrical outputs. 
An economic analysis using the life-cycle cost saving method was performed to 
investigate the economic feasibility of utilising the optimal designs of PVT systems 
(which were derived from the optimisation strategies developed for Objective III) for 
the desiccant regeneration process (Objective IV). An uncertainty analysis using 
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Monte Carlo method was also undertaken to quantify the risks associated with the 
economic performance of PVT systems caused by the uncertainties in the cost related 
to their construction, operation and finance.  
Based on the mathematical models of the PVT systems obtained from Objective II, a 
system model of a hybrid desiccant cooling system assisted by the PVT systems is 
developed and the technical feasibility and the performance of the desiccant cooling 
system are investigated under a hot and humid climate. 
 
Figure 1.2. Research methodology used in this study 
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1.4 Thesis Outline 
This chapter presents the background and motivation of this research, including a brief 
introduction of the research gaps with regard to the development and performance of 
high-temperature air-based PVT systems, which are intended to be used for the 
regeneration of the desiccant used in rotary desiccant cooling systems. It provides the 
aim and objectives of this thesis and the primary research methodologies used. The 
subsequent chapters are structured as follows. 
Chapter 2 provides a review of the studies related to PVT systems with the key focus 
on the heat transfer enhancement technologies and methods used to reduce the heat 
loss of PVT systems. It also covers previous studies on modelling and design 
optimisation of PVT systems and studies on desiccant cooling systems that are assisted 
by PVT systems. 
Chapter 3 describes a proposal for two types of high-temperature PVT systems that 
could be potentially used to provide high-temperature thermal energy needed in a 
desiccant regeneration process. The conceptual design and operation of the proposed 
PVT systems will be described and the heat transfer enhancement technologies and 
energy conservation technologies used to improve the thermal and electrical 
performance are highlighted. 
Chapter 4 presents the development of mathematical models to describe the heat and 
mass transfer processes occurring in the various construction components of the 
proposed PVT system designs. Using the newly developed dynamic models, 
simulation exercises are performed to investigate the dynamic characteristics and the 
effect of specific design parameters on the performance of the PVT system designs. 
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Chapter 5 presents a multi-objective design optimisation strategy for maximising 
simultaneously the useful thermal energy and net electricity outputs from high-
temperature PVT systems. The optimisation results from the multi-objective design 
optimisation strategy are also compared with the results from a single-objective design 
optimisation algorithm. 
Chapter 6 presents an analysis and a comparison of the techno-economic performance 
of the PVT system designs that have been developed in this thesis. For this purpose, 
the design optimisation strategy developed in Chapter 5 and the life-cycle cost-saving 
method are employed. An uncertainty analysis is also conducted to quantify the risks 
associated with the economic feasibility of high-temperature PVT systems for 
desiccant regeneration applications. 
Chapter 7 presents a modelling methodology for a desiccant cooling system that is 
assisted by one of the high-temperature PVT systems that were considered in this 
thesis. The integrated PVT-desiccant cooling system is linked and modelled together 
with a building and a feasibility study for the system is undertaken. The performance 
of the desiccant cooling system that is influenced by different sets of combinational 
design parameters and aperture areas of the PVT system is investigated. 
Chapter 8 summarises the key findings of this study and provides recommendations 
for future work in this area. 
1.5 List of publications 
The following papers were produced to disseminate the concept and outcomes of the 
study undertaken by the author during this PhD research. The author of this thesis was 
the primary contributor to the publications listed below while the co-authors 
contributed to the review of the content and the methodologies used. The linkage 
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between the following publications and the related chapters contained is presented 
below. 
Publication No. 1: 
Fan, W., Kokogiannakis, G., Ma, Z. and Cooper, P., 2017. Development of a dynamic 
model for a hybrid photovoltaic thermal collector–Solar air heater with fins. 
Renewable Energy, 101, pp.816-834. 
Parts of Chapter 3 and Chapter 4 are based on Publication No. 1. 
Publication No. 2: 
Fan, W., Kokogiannakis, G. and Ma, Z., 2018. A multi-objective design optimisation 
strategy for the hybrid photovoltaic thermal collector (PVT)-solar air heater (SAH) 
systems with fins. Solar Energy, 163, pp.315-328. 
Parts of Chapter 5 are developed based on Publication No. 2 
Publication No.3: 
Fan, W., Kokogiannakis, G. and Ma, Z., 2018. Design optimisation of a double pass 
PV/T-solar air heater integrated with heat pipes. 4th International Conference on 
Building Energy and Environment. Conference - COBEE2018, Melbourne Australia, 
(1st Feb 2018) Melbourne, pp. 834-839. 
Parts of Chapter 5 are developed based on Publication No. 3. 
Publication No.4: 
Fan, W., Kokogiannakis, G. and Ma, Z, 2019. Optimisation of life cycle performance 
of a double-pass photovoltaic thermal-solar air heater with heat pipes. Renewable 
Energy, Volume 138, Pages 90-105. 
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Parts of Chapter 4 and Chapter 6 are developed based on Publication No. 4. 
Publication No.5: 
Fan, W., Kokogiannakis, G. and Ma, Z. Modelling and optimisation of a desiccant 
cooling system assisted by a photovoltaic thermal-solar air heater submitted to Solar 
Energy, Major revision after the first-round review. 
Chapter 7 is developed based on Publication No.5.
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Chapter 2: Literature Review 
The major focus of this thesis is on the development, modelling and optimisation of 
high-temperature photovoltaic-thermal (PVT) collector systems as well as their 
integration with rotary desiccant cooling systems. The high-temperature PVT system 
can be developed by using various heat transfer enhancement and energy conservation 
technologies as well as appropriate design optimisation. The heat transfer processes 
that take place in PVT systems, as well as their resultant energy performance, can be 
evaluated through the modelling of the system. This chapter provides a literature 
review on the recent research and development in this field, as well as on the 
applications of air-based PVT systems for high-temperature output that is used to 
regenerate rotary desiccant cooling systems. This literature review will also identify 
research gaps to assist in developing the methodologies for design, modelling, and 
optimisation of the high-temperature PVT systems. It should be noted that some 
technologies or methodologies that have been applied to solar air heaters (which have 
similar working mechanisms and functions as PVTs) could be potentially applicable 
to the PVT systems and they will therefore also be reviewed in this chapter. 
The literature review is organised in the following structure: Section 2.1 presents the 
fundamentals of the PVT systems. Section 2.2 reviews the technologies that can be 
used to improve the thermal and electrical performance of the PVT systems. Section 
2.3 provides an overview of the existing mathematical models and the simulation-
based studies on the PVT systems. Section 2.4 presents the optimisation methods that 
could be potentially utilised to optimise the performance of a PVT system and reviews 
the design optimisation studies on PVT or solar air heater systems. In Section 2.5, the 
current investigations on the economic feasibility of using PVT systems are reviewed. 
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A brief summary of the current application of the PVT systems and other solar air 
heater systems in rotary desiccant cooling process is presented in Section 2.6. Finally, 
some key findings from the literature review are highlighted in Section 2.7. 
2.1 Introduction to PVT systems and performance indicators 
The photovoltaic cells can commonly convert 4 to 17% of the incident solar radiation 
flux into electricity depending on the types of the cells and working conditions, while 
the rest, of approximately 80%, of the absorbed radiation is converted into thermal 
heat or reflected back to the surrounding environment (Chow, 2010). The thermal heat 
accumulated in the PV cells can increase the operating temperature which 
consequently reduces the electrical efficiency and the service lifespan of the PV cells. 
Photovoltaic-thermal (PVT) collectors are developed to mitigate the high-temperature 
working conditions of the PV cells and utilise the collected thermal energy from the 
PV cells for heating and cooling applications.  
The emerging technology of PVT is developed by combining the solar thermal 
collector and the photovoltaic panel as a hybrid system which can simultaneously 
achieve the cogeneration of thermal heat and electricity. Based on the number and the 
configurations of the air channels, some typical designs of the PVT are presented in 
Figure 2.1.  
Chapter 2 
16 
 
 
Figure 2.1.Various basic designs of the PVT solar air heaters (Kumar and Rosen, 2011). 
2.1.1 Performance evaluation 
The PV module of the PVT is evaluated by quantifying the electrical efficiency which 
is mainly influenced by the module construction and working conditions. The cell 
efficiency (𝜂𝑐𝑒𝑙𝑙) is directly related to the module temperature and many correlations 
have been developed to quantify the influence of the module temperature. In practice, 
the following linear relation is the most common and used in applications without 
causing significant errors (Skoplaki and Palyvos, 2009): 
𝜂𝑐𝑒𝑙𝑙 = 𝜂𝑟𝑒𝑓[1 − 𝛽𝑟𝑒𝑓(𝑇𝑐 − 𝑇𝑟𝑒𝑓)] (2.1) 
 where 𝜂𝑟𝑒𝑓  is the reference efficiency of PV cells under the standard testing 
conditions (-), 𝛽𝑟𝑒𝑓 is the temperature coefficient which is mainly dependent on the 
cell materials (oC-1), and 𝑇𝑐 is the operating temperature of PV cells (
oC). The value of 
𝛽𝑟𝑒𝑓 is usually provided by the manufacturer and when the manufacture data is not 
available, and it can also be determined from the following expression (Agarwal and 
Garg, 1994): 
𝛽𝑟𝑒𝑓 =
1
(𝑇𝑜 − 𝑇𝑟𝑒𝑓)
 
(2.2) 
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where 𝑇𝑜 is the maximum temperature when the cell efficiency reduces to zero (
oC). 
Based on the type of the silicon materials used for the manufacture of PV cells, a range 
of values of 𝛽𝑟𝑒𝑓 is recommended and listed in Table 2.1. 
Table 2.1. Temperature coefficient values of the PV cells for various types of silicon materials (Skoplaki and 
Palyvos, 2009) 
Type of the silicon materials Temperature coefficient 𝜷𝒓𝒆𝒇 (
oC-1) 
Mono c-Si 0.003-0.005 
Poly c-Si 0.004 
Amorphous silicon 0.0011-0.0026 
PV/Thermal 0.00375-0.0063 
 
The electrical efficiency (𝜂𝑒𝑙𝑒) of the PV module can be expressed as a function of the 
cell efficiency (𝜂𝑐𝑒𝑙𝑙) and packing factor (𝛾𝑝𝑣) as shown in Eq. (2.3). The packing 
factor is defined as the ratio of PV cell area to the total aperture area of the PV module. 
𝜂𝑒𝑙𝑒 =
𝐴𝑐𝑒𝑙𝑙𝜂𝑐𝑒𝑙𝑙
𝐴
= 𝛾𝑝𝑣𝜂𝑐𝑒𝑙𝑙 
(2.3) 
The evaluation of the thermal performance of a PVT system is not straightforward, as 
the PVT collector is a component of the thermal supply-demand system which is 
linked to some other subsystems (e.g. auxiliary heater, thermal storage unit). The Solar 
Fraction is often a metric used to represent the contribution of the PVT in a complete 
solar thermal system.  
For a stand-alone PVT system, the thermal efficiency ( 𝜂𝑡ℎ ) can be used as a 
performance indicator, which is given by Chow (2010) as: 
𝜂𝑡ℎ =
?̇?𝐶(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)
𝐺𝐴
 
(2.4) 
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where 𝑇𝑜𝑢𝑡 and 𝑇𝑖𝑛 are the outlet and inlet air temperature of the PVT respectively (
oC), 
?̇? and 𝐶 are respectively the airflow rate (kg/s) and specific heat capacity (J/ (kg oC)) 
of the air flowing through the air channel of a PVT system.  
To calculate the electrical and thermal efficiency of the PVT, the values of the 
parameters like the temperature of the PV module, inlet and outlet air temperature 
should be determined first. These parameters can be directly obtained from the 
experimental testing, while when the experiment facility is not available, the 
mathematical modelling of the PVT system can be used to determine the values of the 
above-mentioned parameters. The models of the PVT are generally developed as a 
function of the design and operation conditions of the PVT as well as the weather 
conditions.  
The evaluation of the overall performance of the PVT systems needs to take account 
of both the thermal energy and electricity generation. The total efficiency (𝜂𝑡𝑜𝑡𝑎𝑙 ) 
which is defined as the direct sum of the thermal efficiency (𝜂𝑡ℎ ) and electrical 
efficiency (𝜂𝑒𝑙𝑒) is commonly used for this purpose by some researchers (Bergene and 
Løvvik, 1995; Bhargava et al., 1991): 
𝜂𝑡𝑜𝑡𝑎𝑙 = 𝜂𝑡ℎ + 𝜂𝑒𝑙𝑒 (2.5) 
The primary energy saving efficiency (𝜂𝑠𝑎𝑣𝑖𝑛𝑔) is another performance indicator used 
in applications in which the electricity is regarded as a higher-grade energy and is 
converted from the thermal energy (Huang et al., 2001; Tiwari et al., 2006). The 
electric power generation efficiency of a conventional power plant 𝜂𝑝𝑜𝑤𝑒𝑟 
(approximately 0.33 to 0.38 (Graus and Worrell, 2006)) is used for the energy 
conversion from the electricity to thermal energy: 
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𝜂𝑠𝑎𝑣𝑖𝑛𝑔 = 𝜂𝑡ℎ +
𝜂𝑒𝑙𝑒
𝜂𝑝𝑜𝑤𝑒𝑟
 (2.6) 
Some researchers evaluated the performance of the PVT from the view of the second 
law of the thermodynamics. The exergy is a measure of the equivalent work that can 
be produced from the PVT under some specific conditions. The exergy efficiency is 
defined as the ratio of total exergy output to the total input of the exergy from the 
environment. Within a period between t1 and t2, the exergy efficiency of the PVT can 
be given by the following expression (Chow, 2010): 
ε𝑝𝑣𝑡 =
∫ (𝐴𝐸𝑥𝑡ℎ̇ + 𝐴𝑐𝑒𝑙𝑙𝐸𝑥𝑝𝑣̇ )𝑑𝑡
𝑡2
𝑡1
𝐴∫ 𝐸𝑥𝑠𝑢𝑛̇ 𝑑𝑡
𝑡2
𝑡1
= ε𝑡ℎ + 𝛾𝑝𝑣𝜀𝑝𝑣 
(2.7) 
where 𝐸𝑥𝑡ℎ and 𝐸𝑥𝑝𝑣̇  are the exergy outputs from the thermal energy and electricity 
respectively (W), 𝐸𝑥𝑠𝑢𝑛  is the exergy of the input solar radiation (W). As the 
electricity can be fully converted into the useful mechanical work, the exergetic 
efficiency of the PV cell equals to the electrical efficiency of the PV module. The 
method to convert the thermal energy into exergy can be found in the literature 
provided by Fujisawa and Tani (1997) and Chow et al. (2009) 
Several following economic criteria have been proposed in the literature provided by 
Duffie and Beckman (2013) which can be used to evaluate and optimise the economic 
performance of the PVT systems. The life cycle cost indicator can be used to calculate 
the sum of all costs associated with the construction, operation and disposal of the PVT 
systems during their lifespan. The influence of discount rate and inflation rate are often 
considered to convert the future cost into present-value costs. The life-cycle cost 
saving is a similar indicator as the life cycle cost, but it quantifies the cost difference 
in the present worth between the PVT system and the conventional fuel system. The 
annualised life-cycle cost represents a series of equal payments through the life cycle 
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and can be obtained by using the method detailed by Duffie and Beckman (2013). The 
same method can also be applied to the annualised life-cycle cost savings. Based on 
the life cycle cost analysis, the payback time could also be used. The payback time is 
defined as the time needed for the accumulative fuel savings to equal the total initial 
investment. Several studies have used the method of life-cycle cost analysis to 
investigate the commercial feasibility of the PVT or similar solar thermal systems 
(Agrawal, B. and Tiwari, G.N., 2010; Raman and Tiwari, 2008; Tripanagnostopoulos 
et al., 2005). 
Similar to the economic performance evaluation, the environmental benefits of 
investing on PVT systems can be evaluated by using the life-cycle analysis and two 
environmental benefits indicators, namely energy payback time and greenhouse gas 
payback time (Chow, 2010). Previous studies using these two performance indicators 
for the solar thermal systems have been presented by Wang et al. (2015) and, Kumar 
and Tiwari (2009). 
2.2 Technologies for performance improvement 
The primary objective of designing PVT systems is to effectively collect the thermal 
energy from the PV cells and increase the electrical efficiency. In the past several 
decades, great efforts have been made to develop various technologies to improve the 
performance of PVT or other solar collectors. The literature review of these 
technologies or methods can be classified into four main groups: (1) increasing the 
amount of incident solar radiation received by the solar collectors (i.e. solar 
augmentation technologies); (2) reducing the heat loss from the top and back side of 
the solar systems (i.e. use of glass covers and insulative materials); (3) increasing the 
heat transfer area (contact areas) between the flowing air and solar collectors (i.e. 
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applications of fins and various designs of the air channels); (4) increasing the heat 
transfer coefficients of the heat transfer between the flowing air and solar collectors 
(i.e. attachment of roughness and fins on the absorber plates). It is worth noting that 
although many of the technologies classified in the above groups are currently applied 
for solar air heaters, they could still be potentially applicable to the PVT systems due 
to the similar geometrical structure and working principle. 
2.2.1 Concentrating Solar Technologies  
For many solar thermal applications, it is desirable to deliver the thermal energy at 
high temperatures and this is often done with solar concentrators. Solar concentrators 
can enhance the amount of solar radiation flux received on the absorbers of the solar 
collectors. The solar augmentation capability of a concentrator is measured by 
concentration ratio which is defined as the ratio of the aperture area of the concentrator 
to the area of the absorber of a solar collector. Several types of solar concentrators 
have been developed such as diffuse back reflectors; specula cusp reflectors; parabolic 
concentrators; Fresnel reflectors; an array of heliostats (Duffie and Beckman, 2013). 
Most of these solar concentrators were employed to enhance the thermal performance 
of water-based solar thermal collectors and solar air heaters. Table 2.2 lists some key 
parameters and features of different concentrating solar thermal collectors.  
Table 2.2. Characteristics of different types of concentrating solar thermal collectors (Kalogirou, 2003) 
Motion Collector type Absorber 
type 
Concentration 
ratio 
Temperature 
range (℃) 
Stationary Compound 
parabolic 
collector (CPC) 
Tubular 1-5 60-240 
Single-axis 
tracking 
Fresnel lens 
collector (FLC) 
Tubular 10-40 60-250 
Parabolic trough 
collector (PTC) 
Tubular 15-45 60-300 
Cylindrical 
trough collector 
(CTC) 
Tubular 10-50 60-300 
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Two-axes 
tracking 
Parabolic dish 
reflector (PDR) 
Point 100-1000 100-500 
Heliostat field 
collector (HFC) 
Point 100-1500 150-2000 
 
However, only a limited number of studies were reported on the integration between 
PVT systems and solar concentrators. An example of such a study described the 
parabolic PVT that was developed by Alfegi et al. (2006). The reason for the small 
number of studies in this area is the fact that solar concentrators are generally working 
with solar collectors with tubular or point absorbers, while most of the PVT systems 
are using flat PV plates as absorbers.  
Instead of using the above-mentioned concentrators, a planar reflector with a simple 
structure and low cost can be used to increase the available solar radiation flux on a 
flat plate PVT or solar air heater system. The planar reflector can be integrated with 
the flat plate PVT or a solar air heater. Tripanagnostopoulos et al. (2002) investigated 
the feasibility of using a booster diffuse reflector to improve the thermal and electrical 
performance of a PVT system. The amount of reflected solar radiation on the PVT was 
a function of sun altitude, azimuth, and sky clearness as well as the angle between the 
PVT and the reflector. The concentration ratio of the PVT system ranged from 1 to 1.5 
when the angle between the PVT and reflector was set between 90 and 120. The 
electricity generation was increased by 16% when the concentration ratio was 
controlled to be 1.35 and the economic feasibility of using such diffuse reflectors was 
proved. 
2.2.2 Preventing unwanted heat loss: Glazing  
The purpose of adding a cover on the top surface of a PVT or a solar air heater is to 
add extra thermal resistance between PV plate/absorber and ambient air so that the 
convection heat loss can be reduced. Besides, the glazing cover is almost opaque to 
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long-wave infrared radiation emitted from the PV plate or absorber plate which results 
in a smaller temperature difference between the glass cover and the PV plate/absorber. 
On the other hand, the glazing cover is not completely transparent to short-wave 
radiation from the sun through absorption and reflection of a fraction of short 
wavelength radiation (Edlin, 1958). Therefore, the available radiation on the PV plate 
or the absorber will be less than on the unglazed collector. In terms of glass materials, 
the common glazing cover used for PVT and solar air heaters is classified into low-
iron glass, acrylic glass, polyvinyl fluoride and polyester (Duffie and Beckman, 2013). 
Generally, the clear lower-iron glass is commonly used due to its high transmissivity 
(Saxena and El-Sebaii, 2015). Regarding the number of glass covers on PVTs and solar 
air heaters, the single glazing is the most common, but it has the disadvantages of high-
temperature swing, drafts and frequent vapour condensation. To overcome these issues, 
double glazing is also used in recent years. A spacer block is placed between the two 
glass panes to create a hermetically-sealed air environment which tends to increase the 
thermal resistance. The cavity is filled under vacuum conditions with either dehydrated 
air or an inert gas (such as argon, xenon and krypton) to improve insulation and prevent 
condensation within the unit. Depending on the types of filling gas and the local 
weather conditions, the cavity width for the double glazing is generally between 5 to 
20 mm (Nahar and Garg, 1980). However, the optimal number of the glass covers that 
result in the best thermal and electrical performance of the PVT and solar air heaters 
would depend on the application and the climate of the location where the system is 
installed. Michalopoulos and Massouros (1994) experimentally and analytically 
investigated the influence of the number of glass covers on the thermal performance 
of a solar collector. It was found that the dust-free single glazing combined with the 
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appropriate the insulation at the back of the solar collector was determined to be the 
optimal design.  
With the aim of further reducing convection loss between the absorber and glazing 
unit, the concept of convection suppression was introduced. Hollands (1965), Edwards 
(1969), and then Buchberg et al. (1976), and Arnold et al. (1977) conducted intensive 
investigations on the application of convection suppression technology in solar 
collectors which used a transparent honeycomb arrangement between the absorber and 
glazing to suppress the onset of fluid motion. Without fluid motion, the heat transfer 
between the plate and glazing is by conduction and radiation, and consequently, with 
this method, there are lower energy losses. Besides, Meyer et al. (1979) proposed a 
different convection suppression technology which used the transparent slats to retain 
the motion of air layer under the glazing cover and developed a correlation to calculate 
the convection heat transfer coefficient. Similar correlations for the Nusselt number 
by the slats were obtained by Randall et al. (1977). Based on Randall’s correlation, the 
convection heat loss can be reduced by one-third for a solar collector with a tilt angle 
of 45o and an aspect ratio of 0.25. However, the addition of transparent slats or 
honeycomb can result in modification of radiation characteristics of the solar collector 
and to a reduced amount of transmitted solar radiation. Hollands et al. (1978) pointed 
out that the transmissivity of honeycomb made of polycarbonate plastic decreases with 
the increasing incidence angle of radiation in a linear manner. To overcome this 
drawback, transparent aerogels were proposed to construct honeycomb and slats to 
reduce the convection loss. In the meantime, the conduction between absorber and 
aerogel can be negligible as the thermal conductivity of the aerogel is less than still air.  
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2.2.3 Insulation for preventing heat losses in PVTs and solar air heaters. 
Insulation materials are a compulsory component that needs to be considered when 
designing a PVT or a solar air heater. In practice, the insulation materials are 
commonly arranged at the underside of the bottom plate and edges of collectors. 
Although the insulation materials can significantly reduce the heat loss to outside, 
there could still be a noticeable loss. The energy loss through the bottom insulation 
layer is mostly a result of thermal conduction and convection. However, the magnitude 
of thermal resistance by convection is typically small compared to the insulation’s 
thermal resistance, and therefore the back heat loss coefficient can be approximated 
with the ratio of thermal conductivity to insulation’s thickness (Duffie and Beckman, 
2013). The evaluation of thermal loss through the edge insulation is complex and often 
of a small amount. Tabor (1958) presented a practical method to calculate the heat loss 
coefficient through the edge insulation: 
𝑈𝑒𝑑𝑔𝑒 =
𝑈𝑐𝐴𝑒𝑑𝑔𝑒
𝐴𝑐
 
(2.8) 
where is 𝑈𝑐 the heat transfer coefficient of the heat loss through the back insulation 
(𝑊 𝑚2 ∙ 𝐾⁄ ), 𝐴𝑐  and 𝐴𝑒𝑑𝑔𝑒  are the areas of back insulation and edge insulation 
respectively (𝑚2). 
The traditional insulation materials are categorized into inorganic materials, organic 
materials and metallic/metalized reflective membranes (Al-Homoud, 2005). Most 
insulation materials used for the design of PVT or SAH systems fall into the organic 
category. Table 2.3 lists the thermal conductivity and the thicknesses of some 
insulation materials that were reported in the design specifications of PVT or SAH 
systems. Besides that, Jelle (2011) reviewed the state of the art new insulation 
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materials such as vacuum insulation panels, gas-filled panels, Nano insulation and 
dynamic insulation materials.  
Table 2.3. Characteristics of the insulation materials for SAH or PVT systems found in the literature.  
Author Insulation type Thermal 
Conductivity 
(W m-1K-1) 
Thickness 
(mm) 
Yang et al. (2014) Expanded polystyrene 
board 
0.046 50 
Karsli (2007) Glass wool 0.04 50(bottom), 25(side 
edge)  
Forson et al. (2003) Plywood board -  
Gupta et al. (1993) Glass wool 
Asbestos rope 
- 40 (glass wool) 
25 (asbestos rope) 
 
Apart from the insulation materials listed in Table 2.3, there are a few high-
performance insulation materials available on the market which provide lower thermal 
conductivity values, e.g. Phenolic foam (0.02 W/m.K), mineral wool (0.035 W/m.K), 
Polyisocyanurate (0.023-0.026 W/m.K), etc. These insulation materials have the 
potential for further improving the thermal performance of PVT and SAH systems. 
2.2.4 Solar selective coatings 
To efficiently convert the solar radiation into useful thermal energy in a solar air heater, 
the absorber is required to have high thermal conductivity, low thermal storage 
capacity, high solar absorption coefficient and a low emissivity of longwave infrared 
solar radiation (Lata Pandey and Banerjee, 1998). Using selective coating materials on 
the absorber surface is one method to maximize the absorbed radiation and reduce 
infrared radiation loss due to the characteristics of high absorptivity and low emissivity 
(Tesfamichael, 2000). The solar selective materials are usually coated on the absorber 
substrate. Typical materials for the absorber substrate are copper, aluminium, steel, 
stainless steel and galvanized iron (Lata Pandey and Banerjee, 1998). In the case of 
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PVT systems where the absorber plate is not fully covered by the PV plate, the solar 
selective coatings are still applicable. 
The radiation loss from the absorber to ambient air (𝑄𝑖𝑛𝑓𝑒) is mainly longwave infrared 
radiation with the wavelength over 3μm and is given by the following equation: 
𝑄𝑖𝑛𝑓𝑒 = 𝜀𝑝 𝐴 𝜎(𝑇𝑐
4 − 𝑇𝑠𝑘𝑦
4 ) (2.9) 
where A is the surface areas of the absorber plate (𝑚2), 𝜀𝑝 is the emissivity of the 
absorber surface, 𝜎 is the Stefan-Boltzmann constant (𝑊 𝑚2 ∙ 𝐾4⁄ ) and 𝑇𝑐  and 𝑇𝑠𝑘𝑦 
are the absorber temperature and sky temperature respectively in Kelvin. From Eq. 
(2.9), the radiation loss varies linearly with the emissivity of the absorber surface 
materials.  
Depending on the working mechanism, selective coatings are categorized into four 
divisions: (1) intrinsic; (2) semiconductor; (3) multilayer absorber; and (4) selective 
solar transmitting coatings (Kennedy, 2002). The mechanisms and construction 
structures of these four categories of selective coatings are summarized in Table 2.4. 
Table 2.4. Features of the four categories of solar selective coatings (Kennedy, 2002) 
Category Construction structure Mechanism 
Intrinsic 
 
The surface materials used 
have the intrinsically desired 
spectral selectivity 
Semiconductor-metal 
tandem 
 
The semiconductor can absorb 
short wavelength radiation 
while the tandem metal layer 
has a low thermal emittance 
Multilayer absorber 
 
Multiple reflections between 
layer so that the light can be 
effectively absorbed 
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Selective solar 
transmitting coating 
 
SnO2:F is used as a highly 
doped semiconductor with the 
long-term durability. This type 
of solar selective coating is 
used for low-temperature 
applications. 
 
The solar selective coating can be formed by laminating one or multiple layers of the 
selective materials i.e. Cu, Ni, SiO, SiO2, Si3N4, TiO2, Ta2O5, Al2O3, ZrO2, Nd2O3, 
MgO, MgF2, ZnS and SrF2 (Pereev and Frolova, 1974). The physical properties of 
some commonly used solar selective coatings and the ordinary non-selective paint 
(black paint)  are summarized in Table 2.5 (Kumashiro, 2000). 
Table 2.5. Solar properties of the different types of solar selective materials (Kumashiro, 2000) 
Type of solar selective 
coatings 
Absorptivity Emissivity Stagnation 
temperature (K) 
TiNx-Ag 0.88 0.065 650 
ZrNx-Ag 0.86 0.039 740 
ZrC-Ag 0.81 0.075 620 
ZrC6-SS 0.87 0.123 580 
ZrCxNy-Ag 0.88 0.052 690 
ZrOxNy-Ag 0.88 0.084 620 
Silicon-Ag 0.76 0.05 680 
Pt-Al2O3-Pt 0.92 0.126 580 
Black nickel 0.94 0.09 620 
Black Cr 0.96 0.15 570 
Den.tunsten 0.96 0.26 490 
 
Among all the solar selective coatings, the black chrome is the most commonly used 
due to the stable durability and relatively low cost (Duffie and Beckman, 2013). 
Several studies have investigated the feasibility of using solar selective coatings to 
enhance the performance of solar air heaters. For instance, El-Sebaii and Al-Snani 
(2010) studied the effect of four different selective coating surfaces (such as CuO, Cr-
Cr2O3, Ni-Sn and CoO) on the thermal performance of a solar air heater under a hot 
climate in Saudi Arabia. The daily average temperature of the absorber plate with the 
above solar selective surfaces ranged from 96.7 to 120.8oC and was higher than the 
temperature for the black-painted absorber plate (80.8oC). As expected, the average 
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daily thermal efficiency of the four types of solar selective absorbers was calculated 
to be from 37% to 46%, which was again higher than the thermal efficiency of the 
black-painted solar air heater (33%). Karwa and Chauhan (2010) numerically 
compared the performance of a solar air heater which had the absorber coated with 
solar selective materials (emissivity=0.1) with the performance of a black-painted 
solar air heater (emissivity=0.95). The results showed that the solar selective coating 
can enhance the thermal performance by 5 to 15% under the operation conditions 
considered. Another study on the heat transfer characteristics of unglazed solar air 
heater with a selective-coated absorber was conducted by Njomo (2000). It was found 
that the unglazed solar air heater laminated with the solar selective material 
(absorptivity=0.92 and emissivity=0.05) can achieve a comparable thermal 
performance to the conventional black-painted double-glazed solar air collector. 
Similar conclusions can also be found in the studies conducted by Bhargava et al. 
(1982) and Hachemi (1999). 
2.2.5 Extended surface areas in air channels 
The air-based PVT and solar air heater (SAH) systems are often characterised as low 
efficient technologies compared to the water-based solar collectors for solar energy 
conversion, due to low thermal conductivity and low specific heat capacity of the air. 
Adding extended surfaces in air-based PVT or SAHs has been regarded as an effective 
method to improve the heat transfer areas between the flowing air and the solar 
collectors. According to the literature, the applications of the extended heat transfer 
surfaces include inserting different types of fins (e. g. longitudinal fins and offset fins) 
in the air channels, using double or multiple air channels, integrating porous media 
with the air channels and developing non-flat absorber plates.  
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 Fin types  
Alfegi et al. (2006) proposed the use of longitude fins and compound parabolic 
concentrators (as shown in Figure 2.2) to enhance the thermal and electrical 
performance of a single pass PVT system. With the longitudinal fins attached beneath 
the PV cells, the PVT system can achieve a combined thermal and electrical efficiency 
between 26.6% and 39.13% under the radiation of the 400 W/m2. This type of 
longitudinal fin has also been integrated with a double pass PVT system by Othman et 
al. (2005). They concluded that installing the fins at the back of the collector will 
improve the heat transfer of the collector. The fins were fabricated with an aluminium 
sheet, which enhanced the capability of extracting heat from PV cells and resulted in 
higher electrical efficiency. 
 
Figure 2.2. Cross-section of the PVT system with compound parabolic concentrator and longitudinal 
fins (Alfegi et al., 2006). 
A single pass PVT with rectangle tunnel absorber has been developed by Jin et al. 
(2010). Different from the longitudinal fins used by Othman et al. (2005), the height 
of fins used by Jin et al. (2010) equals the height of air channels. The experimental 
results showed that the proposed PVT performed better than the conventional PVT 
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systems in terms of the energy performance and had a combined thermal and electrical 
efficiency of 64.72% under the solar irradiance of 817 W/m2. 
In addition to the longitudinal fins, offset strip fin is another potential technology that 
can be used in flat plate PVT or SAH systems. The offset plate fin can be attached on 
the underside of the PV plate or absorber surface in a staggering manner and the 
orientating direction is parallel to the fluid flowing direction as shown in Figure 2.3. 
The compact structure design makes the offset strip fin to feature a high heat transfer 
capability without causing significant pressure drops. However, adding offset strip fins 
modifies the heat transfer and friction characteristics in the air channel, thus the 
convection coefficient and friction factor in the offset strip fin pass are different to 
those for the conventional PVT or SAH. Joshi and Webb (1987) presented an 
analytical model to predict the heat transfer coefficient and friction factor of offset 
strip fins in both laminar and turbulent flow regimes. A range of correlations for heat 
transfer and fraction coefficients were available in the literature provided by Manglik 
and Bergles (1995) and Wieting (1975). 
The applications of offset fins in PVT or SAH systems has been seen in several studies 
(Yang et al., 2014; Youcef-Ali, 2005; Youcef-Ali and Desmons, 2006). For instance, 
Yang et al. (2014) numerically optimised the design of a flat plate solar air heater with 
offset fins used for space heating. With the optimised structure of offset fins and other 
collector parameters, the system can achieve the fin efficiency of over 80% and 
instantaneous thermal efficiency of 40% while the required fan power can be as low 
as 20 W.  
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Figure 2.3. Solar air heater with offset strip fin absorber plate (Yang et al., 2014). 
Double or multiple air pass channels 
PVT or SAH systems can utilise the configurations of double or multiple air pass 
channels to enhance their thermal and electrical efficiency by allowing the air to flow 
through both upside and downside of the PV plate or absorber plate. The heat transfer 
areas between the PV plate/absorber and the flowing air by double pass PVT or solar 
air heaters are twice of the conventional solar collectors and these systems have been 
found to be about 10-15% more thermally efficient (Chamoli et al., 2012). Regarding 
the directions of air flow in different air passes, the double or multiple pass PVT or 
SAH systems can be classified into the parallel flow type and counter flow type which 
are respectively illustrated in Figure 2.4 (a) and (b).  
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Figure 2.4. Illustration of the double pass solar collector with (a) parallel flow (Forson et al., 2003) 
and (b) counter flow (Choudhury et al., 1995b). 
Yeh et al. (1999) experimentally performed a parametric study on a double pass solar 
air heater with a parallel flow. The experimental results showed that the employment 
of the double channel can significantly improve the thermal performance and the 
optimum fraction of the flowing air distributed in the upper and lower channel was 
found to be 0.5 respectively. A double pass PVT with the counterflow studied by 
Sopian et al. (2000) showed a thermal efficiency of 60%. In terms of the models of the 
double pass solar collector, Forson et al. (2003) and Wijeysundera et al. (1982) 
developed and validated a mathematical model of a parallel and a counter flow solar 
air heater, respectively. 
(a) 
(b) 
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Non-flat absorber plate 
Othman et al. (2006) designed a single pass PVT with a V-groove shape absorber 
attached beneath the PV plate (Figure 2.5). The V-groove absorber plate is used to 
extract the heat from the PV plate and transfer it to the flowing air. The experimental 
study demonstrated that by adding the v-groove absorber, the PVT increased its 
efficiency by 30% than the other type of PVT collectors in that study.  
 
Figure 2.5. Cross-section of PVT with v-groove (Othman et al., 2006). 
El-Sebaii et al. (2011) proposed a double pass solar air heater with the v-corrugated 
plate used as the absorber plate (Figure 2.6). The analytical and experimental studies 
showed that the double pass v-corrugated plate solar air heater was 11-14% more 
efficient compared to the double pass flat solar air heater. In addition, the solar air 
heater design with a sine-wave absorber plate was proposed and studied by Gao et al. 
(2000). 
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Figure 2.6. Double pass V-corrugated plate solar air heater. 
Application of the porous materials 
To enhance the heat transfer performance of a solar air heater, Naphon (2005a) 
integrated the porous media with the lower air channel of a double pass solar air heater 
as shown in Figure 2.7. Naphon (2005a) studied the heat transfer characteristics of the 
performance of the solar air heater with and without porous media. The solar air heater 
with the porous media provided 25.9% higher thermal efficiency than that without 
porous media. The effects of porous media on the thermal performance of the solar air 
heaters can also be found in the studies by Wang et al. (2013) and Sopian et al. (2009). 
 
Figure 2.7. Illustration of the solar air heater without (a) and with (b) porous media. 
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2.2.6 Artificial roughness in the air channels 
Adding artificial roughness in the air channels is another effective method to enhance 
the thermal performance of solar air heaters and PVT systems. The mechanism of 
achieving the heat transfer enhancement by artificial roughness in air channels is due 
to its ability to break the laminar sub-layer between the mainstream and absorber 
surface as well as create more turbulent intensity. The reduced heat transfer resistance 
and well turbulent mixing result into a higher value of the convective heat transfer 
coefficient. However, adding roughness elements can lead to undesirable pressure 
drop because of increased fraction factor. Therefore, the performance evaluation of 
artificially roughened solar air heater should take account of both thermal and 
hydraulic characteristics. The thermo-hydraulic efficiency that was proposed by Lewis 
(1975) can be used to evaluate the overall benefits of adding the surface roughness in 
the air channels. In the past decades, a large amount of research related to the 
application of artificial roughness in solar air heaters has been conducted. Based on 
the geometric configurations, the roughness elements reported in the literature consist 
of transverse ribs (Verma and Prasad, 2000), inclined ribs (Aharwal et al., 2008), V-
shaped ribs (Momin et al., 2002), wedge-shaped ribs, chamfered ribs (Karwa, 1997) , 
and arc-shaped ribs (Kumar and Saini, 2009), w-shaped ribs, expanded metal ribs as 
well as metal grit ribs (Karmare and Tikekar, 2010). Saini and Singal (2007), Bhushan 
and Singh (2010) and Hans et al. (2009) have made comprehensive reviews on the 
performance of various roughness geometries and discussed the heat transfer and 
fraction characteristics of different flow patterns. In regard to the methodologies used 
to evaluate the performance of the roughed solar air heaters, most of the studies 
employed experimental tests due to the difficulty in modelling the complex heat 
transfer phenomenon caused by the roughness. However, some authors (Chaube et al., 
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2006; Karmare and Tikekar, 2010; Yadav and Bhagoria, 2013) analysed the heat 
transfer and flow characteristics of the roughed solar air heaters through the use of 
CFD modelling techniques. According to the literature review, some typical geometry 
parameters that characterise the arrangement and shape of the roughness elements 
include relative roughness height, relative roughness pitch, the angle of attack, relative 
gap position and relative gap width. One purpose of conducting the performance 
evaluations is to develop correlations of the heat transfer coefficient and friction 
coefficient against the operation and above-mentioned roughness parameters. A 
detailed summary of the correlations of the heat transfer coefficient and friction 
coefficient can be found in the literature provided by Bhushan and Singh (2010) and 
Saini and Singal (2007). The developed correlations of heat transfer coefficient and 
friction coefficient can potentially be incorporated into the mathematical modelling of 
PVT and solar air heaters. It is noted that although the roughness elements have been 
widely used in solar air heaters, they are rarely applied in the development of PVT 
systems. Given the need to cool PVs under hot conditions, attaching the roughness 
elements at the backside of the PV plates could be a promising method to improve 
both thermal and electrical efficiency of the PVT system. 
2.2.7 Heat pipes 
Heat pipes are an efficient heat transfer technology which utilises the phase changes 
(evaporation and condensation) of the contained working fluid to transport a large 
amount of heat to a long distance. However, limited research has been done on the 
potential use of heat pipes for enhancing the electrical and thermal performance of 
PVT systems. The thermal-diode feature of the heat pipes which allows the heat to 
flow through only one direction makes it attractive to be incorporated into the PVT 
collectors. Furthermore, although many of the existing PVT enhancement technologies 
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can reduce the overheating of PV panels, the temperatures of the PV cells are often 
subject to a significant variation along the length of the system. The non-uniform 
temperature distribution on the PV panel will adversely affect the electricity generation 
because the PV cells are connected in series (Coventry, 2005; Franklin and Coventry, 
2002). A careful selection of appropriate combinations of heat pipe characteristics (i.e. 
inner fluid, pitch distance, filling ratio, pressure and wick structure) can effectively 
reduce the non-uniformity of the temperature distribution on the PV panels (Hu et al., 
2016). Because of their exceptional thermal management performance, heat pipes have 
been widely applied in the electronics industry (Elnaggar, 2014), and in space and 
terrestrial technologies (Shukla, 2015). However, the integration of heat pipes into the 
PVT systems has only been reported in few papers. For instance, Gang et al. (2011) 
developed a dynamic model for a water-based heat pipe PVT system and validated the 
model with experimental data. Wu et al. (2011) investigated the effect of the mass flow 
rate of a water-based heat pipe PVT collector on the temperature uniformity of a PV 
panel. Hu et al. (2016) reported that the thermal performance of a wire-meshed heat 
pipe PVT was less sensitive to the inclination angle than the PVT with wickless heat 
pipes and the maximum thermal efficiency of these two heat pipe PVT types were 52.8% 
and 51.5% respectively. The above existing studies were performed based on water-
based heat pipe PVT systems. As the air-based PVT systems are increasingly used for 
high-temperature applications (for example to regenerate a solid desiccant wheel (Ren 
et al., 2018)), it is also desirable to develop an air-based PVT system that makes full 
use of the advantages of heat pipes and provide high outlet air temperatures. 
2.3 Mathematical modelling of PVT systems 
Numerical modelling and simulations have been widely used to evaluate the 
performance and optimise the design and operation of PVT and SAH systems with the 
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development of computer hardware and numerical techniques. The advantages of 
numerical simulations are that they provide a large volume of useful information on 
all aspects of PVT and SAH systems under considerations without added expenses. It 
is also cost and time-effective to perform parametric studies to identify the optimum 
design of PVT and SAH systems. In addition, numerical simulations can calculate the 
values of some operating parameters (i.e. thermal equilibrium temperature of the 
components of the PVT or SAH under outdoor conditions) that are difficult to obtain 
with experimental measurements, especially under the dynamic outdoor weather 
conditions. Developing an appropriate mathematical model of the PVT or SAH system 
is important because the quality of the model directly determines the accuracy and 
reliability of the simulation results. In the past decades, extensive studies have been 
conducted to develop various types of models for different PVT or SAH designs. The 
purpose of this section is therefore to provide an overview of existing models of the 
PVT and SAH systems. Existing models could be generally categorised as steady-state, 
dynamic and models that are based on CFD solvers. 
2.3.1 Existing steady-state models 
A simple steady-state model of the solar air heater was first developed by Hottel and 
Whillier (1955) where the thermal efficiency of the solar air heater was defined as a 
function of a heat removal factor (𝐹𝑅), overall heat loss coefficient (𝑈𝐿) and inlet air 
temperature (𝑇𝑓,𝑖). The other parameters contained in Eq. (2.10) are collector areas 
(𝐴𝑐 ), effective transmittance ( (𝜏𝜑)𝑒 ), incident solar radiation (𝐺 ) and ambient 
temperature (𝑇𝑎). 
𝜂𝑡 = 𝐹𝑅 𝐴𝑐  [(𝜏𝜑)𝑒 − 𝑈𝐿  
(𝑇𝑓,𝑖 − 𝑇𝑎)
𝐺
] 
(2.10) 
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where the heat removal factor (𝐹𝑅) represents the ratio of the actual useful heat gain to 
the useful thermal energy collected if the whole absorber plate of the SAH was at the 
inlet air temperature. 
Florschuetz (1979) made some modifications to the Hottel-Whillier model (Hottel and 
Whillier, 1955) so that it can be applicable to PVT systems and the modified thermal 
efficiency calculation is shown in Eq. (2.11).  
𝜂𝑡 = 𝐹𝑅 𝐴𝑐 [(𝜏𝜑)𝑒(1 − 𝜂𝑒) − 𝑈𝐿  
(𝑇𝑓,𝑖 − 𝑇𝑎)
𝐺
] 
(2.11) 
where 𝜂𝑒 is the electrical efficiency of the PV plate evaluated at ambient temperature. 
It should be noted that the relationships provided by Eq. (2.10) and (2.11) can only 
output the thermal efficiency, while the distributions of temperatures on construction 
components and the flowing air in a solar air heater and PVT cannot be predicted. In 
addition, the analytical expressions for the heat removal factor and overall heat loss 
coefficient (used in Eq.(2.10) and (2.11)) presented by Hottel and Whillier (1955) and 
Florschuetz (1979) were only applicable to sheet-tube type SAH and PVT systems. In 
engineering practice, to accommodate other types of PVT and SAH systems, a semi-
empirical model which was in the same form of Hottel-Whillier equation (Hottel and 
Whillier, 1955) was developed. In this case, the heat removal factor and the heat 
transfer coefficients were determined as constants through experimental data fittings 
following the procedures described in ASHRAE Standard 93-77 (ASHRAE, 1977) and 
the European EN 12975 Standard (Standard, 2006). This implied that simulations 
using the semi-empirical model need to set their working conditions as similar as 
possible to the conditions under which the PVT and SAH are tested. Moreover, this 
semi-empirical model is not suitable for design optimisation due to a limited number 
of inputs and outputs. The application of this semi-empirical model can be found in 
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TRNSYS (Klein et al., 2004) to simulate the performance of flat plate SAH ( Type 1) 
and evacuated tube SAH ( Type 71). In the past years, a significant number of steady 
state models with more flexibility and accuracy have been developed for different 
types of SAH and PVT, including models for unglazed/glazed collectors (Naphon and 
Kongtragool, 2003; Njomo, 2000; Zhai et al., 2005), systems with fins (Kabeel and 
Mečárik, 1998; Matrawy, 1998; Naphon, 2005b; Yeh et al., 1999; Yeh et al., 2002), 
single/double pass channels (Hegazy, Adel A, 2000; Hegazy, Adel A., 2000; Jha et al., 
1992; Ucar and Inallı, 2006) and with/without energy storage systems (El-Sebaii et al., 
2007; Jain, 2005; Jain and Jain, 2004; Ramadan et al., 2007). The steady-state models 
were mainly developed based on the first law of thermodynamics without considering 
the thermal capacitance effect of the system. A heat balance equation developed by 
Choudhury et al. (1995a) as shown below can be used as an example to demonstrate 
the characteristics of the steady-state model:  
𝛼𝑝𝑆 = ℎ𝑝𝑎(𝑇𝑝 − 𝑇𝑎) + ℎ𝑝𝑏(𝑇𝑝 − 𝑇𝑏) + ℎ𝑝 𝑓(𝑇𝑝 − 𝑇𝑓) (2.12) 
where 𝑇  is the component temperature (oC), ℎ  is the radiative or convective heat 
transfer coefficient (𝑊 𝑚2 ∙ 𝐾⁄ ), 𝑆 is the global solar radiation flux (𝑊 𝑚2⁄ ), 𝛼 is the 
solar absorptivity and the subscripts 𝑝, 𝑎, 𝑓, 𝑏 represent absorber plate, ambient air, 
flowing air and bottom plate respectively. 
Tchinda (2009) provided a comprehensive review of the heat balance equations used 
in the modelling of various types of SAH systems. Analytical solutions and Gaussian 
elimination are the main methods used to obtain the various temperatures and derive 
the performance efficiency. 
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2.3.2 Existing dynamic models 
Dynamic modelling or transient modelling is suitable for performance prediction of 
SAH and PVT systems under dynamic working conditions. Different from the steady-
state models, the development of dynamic models considers the heat capacitance effect 
of the construction components of the PVT and SAH systems when various means of 
heat transfer are modelled. The energy balance equations in dynamic models are 
generally represented with a set of partial differential equations. An example of 
dynamic heat balance equation of an absorber plate that was developed by Njomo 
(2000) is expressed in Eq. (2.13): 
𝑀𝑝𝐶𝑝
𝑑𝑇𝑝
𝑑𝑡
= 𝛼𝑝𝑆 − ℎ𝑝𝑎(𝑇𝑝 − 𝑇𝑎) + ℎ𝑝𝑏(𝑇𝑝 − 𝑇𝑏) + ℎ𝑝 𝑓(𝑇𝑝 − 𝑇𝑓) 
(2.13) 
 
where 𝑀  and 𝐶  is the mass (kg) and specific heat capacity( 𝐽 𝑘𝑔 ∙ ℃⁄ ),𝑑𝑡  is the 
differential of time (𝑠) and the meanings of other symbols in Eq. (2.13) are the same 
as those in Eq. (2.12). The left-hand term in Eq.(2.13) is the partial differential of the 
heat storage in the absorber plate. The solution of dynamic models requires the 
transformation of the partial differential equations into explicit, implicit or combined 
implicit/explicit forms. Despite a higher computational cost required and more 
complex implementation, dynamic models are suitable for design and control 
optimisations. There have been several dynamic models for PVT and SAH reported in 
the literature (Arinze et al., 1993; Bosanac et al., 1994; Chow, 2003; Garg et al., 1981; 
Schnieders, 1997; Sohel et al., 2014; Wijeysundera, 1976). However, most of these 
models have not been developed in a way that allows for the modelling of fins in the 
air channels of PVT or SAH systems. In addition, the majority of the existing dynamic 
models deployed explicit finite difference techniques to solve the energy balance 
equations (Chow, 2003; Sohel et al., 2014), and a small time step has to be used to 
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avoid simulation instability. The solution procedures are inherently part of a dynamic 
model, however, the publications for the above-mentioned dynamic models rarely 
provided detailed solution procedures. 
2.3.3 CFD-based models 
CFD software has also been used in previous studies to investigate the heat transfer 
and flow patterns in SAH (Karmare and Tikekar, 2010; Kumar and Saini, 2009; 
Sharma et al., 2011; Soi et al., 2010; Varol and Oztop, 2008) and PVTs (Corbin and 
Zhai, 2010; Li et al., 2014; Naewngerndee et al., 2011). The results from CFD models 
provided extensive information on the velocity, pressure and temperature for any of 
the control volumes in the fluid domain of SAH or PVT systems. Using a CFD model 
for PVT and SAH has two major advantages: (1) an extensive number of outputs are 
available with regards to the heat transfer and flow dynamics in the flow channels; (2) 
complex air channel geometries (e.g. irregular shape of fins, surface roughness on the 
air channel) could be analysed. However, using CFD models could require significant 
computational resources for short-period simulations and they are not therefore 
suitable for real-time control of a PVT-SAH system that is connected with other 
systems. Moreover, the selection of an appropriate turbulence model and meshing 
method is a key challenge, which could have a significant effect on the accuracy of the 
simulation results. 
2.4 Design optimisation studies for PVT systems 
In addition to the application of the heat transfer enhancement technologies that were 
reviewed in Section 2.2, design optimisation is another method to further improve the 
thermal and electrical performance of PVT and SAH systems. The design of a solar 
collector needs to consider various parameters related to the construction, geometry 
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and operation of the system and the interactions of these parameters with each other. 
Hence, this section is dedicated to make an overview of the optimisation studies 
reported in the research field of PVT and SAH systems and summarise the 
optimisation methods that can be potentially used for the optimisation process. 
2.4.1 Optimisation methods 
The optimisation methods reported in the literature for the optimisation of PVT and 
SAH systems can be classified into parametric, Taguchi, and heuristic. A brief 
description of these methods is given below: 
Parametric method 
With regard of optimising the performance of PVT or SAH systems, the parametric 
method has been employed in a number of studies to investigate the influence of some 
design parameters, such as  mass flow rate (Bergene and Løvvik, 1995; Chow, 2003; 
Garg and Agarwal, 1995), cover/coverless (Choudhury et al., 1995a; Chow et al., 2009; 
Yang and Athienitis, 2014), channel geometry (Zondag et al., 2003), absorber design 
parameters (Akpinar and Koçyiğit, 2010; Bergene and Løvvik, 1995; El-Sebaii and 
Al-Snani, 2010; Florschuetz, 1979), PV technology (Garg and Adhikari, 1999; 
Kalogirou and Tripanagnostopoulos, 2007), geometry of fins (Matrawy, 1998; 
Omojaro and Aldabbagh, 2010), and geometry of surface roughness (Gupta et al., 1997; 
Momin et al., 2002; Prasad and Saini, 1988), on the thermal and electrical performance 
of PVT or SAH systems. However, the parametric method can only determine the 
optimal value of one design parameter each time and the interactions among the design 
parameters are not considered. Therefore, the obtained results cannot be guaranteed to 
be globally optimum. In addition, the optimisation using the parametric method needs 
a large number of simulation or experiment runs to be conducted, the process of which 
is time-consuming and not economical. 
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Taguchi method 
Taguchi method which was originally developed for product quality control is also a 
useful tool for design optimisation problems. The Taguchi method uses specially 
designed orthogonal arrays to study the influence the entire design parameters have on 
the objective function and obtain the optimum design with the minimum number of 
simulation or experiment trials compared with the full factorial design. For example, 
for an optimisation problem with four design parameters at three levels, a full factorial 
design needs 34 = 81 trials, while the Taguchi method, when standard orthogonal 
array L9 is employed, would only require nine trials to be performed. In addition, the 
Taguchi method is often implemented with the ANOVA analysis, which allows the 
sensitivity of both individual parameters and interaction parameters to be quantified 
simultaneously. The results from the sensitivity analysis can assist in identifying the 
key design parameters so that the number of design parameters can be reduced. 
However, as the Taguchi method implements the optimisation by identifying the 
optimal solution from a set of discrete parameter values, only near optimal solutions 
can be obtained by this method. In the cases where the optimisation problems have a 
large number of design parameters and the parameters have continuous ranges, the 
heuristic methods are recommended. A typical workflow when using the Taguchi 
method for design optimisation is illustrated in Figure 2.8 and additional details of the 
Taguchi method can be found in the literature provided by Roy (2010).  
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Figure 2.8. Workflow of the optimisation through the Taguchi method. 
 Heuristic approach 
For some optimisation problems, it may take exponential computation time to obtain 
the optimal design by using the traditional optimisation methods. These optimisation 
problems are categorised into NP-hard problems (Garey, 1997) which makes it 
unfeasible to apply the traditional optimisation methods for practical purposes. In 
recent years, the heuristic methods were developed to provide globally optimal 
solutions to the complex optimisation problems with a satisfactory computation time. 
The heuristic methods can be applied to a wide range of optimisation problems, not 
limited to optimisation of PVT and SAH systems. The heuristic algorithms can be 
classified into trajectory-based methods or population-based methods. Trajectory 
heuristics use a single solution in the search process and finally result in a single 
optimal solution. Most of these methods follow an iterative procedure and incorporate 
the techniques that avoid the local optimum points. The main trajectory-based heuristic 
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methods include hill climbing, simulated annealing, tabu search, greedy randomised 
adaptive search procedures, variable neighbourhood search, etc (Banos et al., 2011). 
The details of these optimisation techniques can be found in the literature (Aickelin, 
2005; Alba, 2005; Glover and Kochenberger, 2005). Population-based heuristics use 
a population of solutions to evolve in the iterative process and return a population of 
solutions when the stop criteria are satisfied. The main population-based heuristic 
methods include: genetic algorithms and evolutionary algorithm, scatter search, 
particle swarm optimisation, memetic algorithms, ant colony optimisation and 
differential evolution (Aickelin, 2005; Alba, 2005; Glover and Kochenberger, 2005).  
2.4.2  Overview of previous optimisation studies of PVT and SAH systems 
Most of the previous optimisation studies on PVT and SAH systems are based on the 
parametric method, while fewer studies used the Taguchi method and heuristic 
methods for global design optimisation.  
With regard to Taguchi method, Lu et al. (2003) optimised experimentally the 
construction parameters (e.g. properties of the surface coating, density of the insulation, 
etc.) of a natural-circulation solar collector. Sobhnamayan et al. (2014) optimised a 
PVT water collector with Taguchi method based on the exergy concept and the 
optimised mass flow rate and pipe diameter were obtained. Patnaik et al. (2009) 
maximised the heat transfer coefficient of a SAH through the optimal design of the 
surface roughness of the absorber plate using Taguchi method and analysis of variance 
(ANOVA). Kuo et al. (2011) employed the Taguchi method and Grey relational 
analysis to optimise the design parameters of a solar collector such as collector tube 
material, endothermic plate material, number of collector tubes, the thickness of the 
bottom heat insulation and the collector tube diameter for optimal efficiency 
coefficient and heat dissipation factor. 
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In terms of the heuristic methods, Varun and Siddhartha (2010) used a genetic 
algorithm to obtain a few sets of combination of design parameters (i.e. velocity, 
emissivity and collector tilt angle) under different design conditions for maximising 
the thermal efficiency of solar hot water collectors. The results from the above studies 
showed that design optimisation can play an essential role in maximising the 
thermal/electrical performance of PVT collectors or SAHs.  
In addition, the outputs of thermal energy and electricity from PVT-SAH or PVT 
systems are usually in a conflicting relationship (Aste et al., 2012). Most of the 
previous studies (Chow et al., 2009; Garg and Agarwal, 1995; Sobhnamayan et al., 
2014) evaluate the performance of PVT by a single characteristic indicator where the 
thermal energy and electricity outputs were combined together by using weighting 
factors and hence resulted in a single optimal solution for the weighted outputs. 
However, in practice, the relative importance level of thermal energy and electricity 
for different applications can vary and single optimal design solution obtained from 
the single objective optimisation may fail to provide flexibility to fit a specific 
application. Thus, it is necessary to solve the optimisation problem of PVT-SAH 
system with multiple objectives and determine a set of optimal Pareto points from 
which the decision maker can choose the final optimal design on the basis of their 
preference for the conflicting objectives. Although the multi-objective design 
optimisation has been reported in a number of studies related to different energy 
systems (Hang et al., 2013; Huang et al., 2015; Sayyaadi et al., 2009), this approach is 
rarely applied in maximising the thermal and electrical performance of PVT systems 
(Vera et al., 2014a; Vera et al., 2014b). A multi-objective optimisation on PVT systems 
conducted by Vera et al. (2014b) showed the conflicting relationship between thermal 
and electrical efficiency as a function of mass flow rate, collector’s length, packing 
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factor and air gap. The recommendations for the optimal design of the PVT system for 
different applications were given based on the analysis of obtained Pareto Fronts. It 
was also concluded that the optimisation of PVT systems using separated single 
objective cannot yield the global optimal design. The importance of using multi-
objective optimisation was also demonstrated by a further study carried out by Vera et 
al. (2014a), in which the PVT collector was integrated with a domestic hot water 
system. A holistic view of the conflicting relationships among several performance 
indicators such as thermal, electrical efficiency, Solar Fraction and pressure drop was 
provided to assist the designer in making decisions. The above studies demonstrated 
that the multi-objective optimisation can result in a better performance of PVT systems 
and provide decision makers with a more detailed understanding of the trade-offs to 
meet various needs. 
2.5 Economic performance evaluation of the PVT systems 
Besides the thermal and electrical efficiency, economic factors for the PVT systems 
are another important consideration to be taken into account while evaluating the 
performance of such systems. Chow (2010) pointed out that the lack of thorough 
economic assessment is one of the main bottlenecks for the commercial promotion of 
PVT products. Most of the previous studies focused on the thermal and electrical 
performance of the PVT or SAH systems with just a limited number of studies 
integrating a cost analysis in the performance assessments of these systems. For 
instance, Agrawal, B. and Tiwari, G.N. (2010) performed a life cycle analysis of 
building integrated photovoltaic/thermal systems (BIPVT) with regard to energy and 
economic performance for different PV technologies. It was found that the mono-
crystalline BIPVT system performed better than the amorphous silicon BIPVT system 
in terms of energy and exergy efficiencies, however, the later one was more 
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economically feasible. A similar study conducted by Raman and Tiwari (2008) 
examined the cost/kWh of the thermal and electrical outputs from a PVT system for 
different Indian climate conditions. Kumar and Tiwari (2009) investigated and 
compared the performance of PVT assisted active solar stills with a conventional 
passive solar still using life-cycle cost analysis. Considering the influences of various 
parameters such as interest rate, the lifespan of the system and maintenance cost, it 
was observed that the cost of distilled water produced by the PVT assisted solar still 
system was higher than the conventional system. The PVT solar still system was 
estimated to have 3.3 to 23.9 years of payback while the conventional one varied from 
1.1 to 6.2 years based on different selling prices of distilled water.  
The review of the literature showed that the life-cycle cost analysis was the most 
commonly used method to evaluate the economic feasibility of the PVT systems 
because this method can enable a comprehensive assessment of the cost related to the 
construction, operation and disposal of these systems. In addition, the economic 
analysis of the above studies was performed under the assumptions that the initial 
investment cost, the cost of fuels, the values of the financial parameters and climate 
conditions were constant. However, in practice, the values of the above-mentioned 
cost parameters can significantly vary against the locations and time. To make the 
results of the economic analysis more generic and useful, an uncertainty analysis needs 
to be considered to quantify the risks associated with the economic performance 
caused by the uncertainty of the above factors. 
2.6 Existing studies of solar-assisted desiccant cooling systems 
Conventional vapour compression air conditioning systems cover the latent cooling 
load through the process of deep cooling in which the process air is cooled to the dew-
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point temperature for condensation and then reheated to the desired temperature to 
cover the sensible cooling demand of the conditioned spaces. This process is energy 
consuming and increases the complexity of the air conditioning system (Sand and 
Fischer, 2005). In comparison, the solar-assisted desiccant cooling systems cover the 
latent cooling load by using a desiccant dehumidifier and utilise the thermal energy 
collected from solar collectors to regenerate the desiccant in a desiccant wheel so that 
the system can operate continuously. Solar-assisted desiccant cooling systems can 
deliver the desired thermal comfort in the conditioned spaces and have the potential to 
enhance the building energy efficiency by reducing the consumption of grid electricity. 
Since the solar thermal systems play an important role in operating the desiccant 
cooling systems, this section provides a review of the types of solar thermal systems 
used in the desiccant cooling systems. In addition, a review of the methods used to 
improve the energy performance of solar-assisted desiccant cooling systems is 
delivered.  
2.6.1 Overview of the solar thermal systems used in the solar-assisted desiccant 
cooling systems 
In a solar-assisted desiccant cooling process, the solar thermal system is used to 
provide the high-temperature thermal energy to regenerate the desiccant in a rotary 
desiccant wheel. Depending on the physical properties of the fluid used for heat 
transfer, the solar thermal system employed in a desiccant cooling system can be using 
either water-based solar collectors or air-based solar collectors. Based on the literature 
review, most of the solar thermal systems used in the regeneration process of desiccant 
are water-based. However, the water-based solar thermal system requires a water to 
air heat exchanger installed to transfer the heat to the regeneration air, which increases 
the complexity and initial cost of the system. In recent years, the air-based solar 
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collectors (i.e. solar air heaters, photovoltaic thermal collectors and hybrid 
photovoltaic thermal collector- Solar air heaters) are increasingly used in the desiccant 
cooling systems, due to the advantages of simple structure, lower possibility of 
corrosions and leakage and lower operating and maintenance cost in comparison with 
the water-based solar collectors. Through appropriate design and optimisation, the 
PVT, SAH or PVT-SAH systems could generate the required high-temperature 
thermal energy (60-90oC) which can be directly used for the regeneration process. A 
summary of the characteristics of solar-assisted desiccant cooling systems as well as 
the types of integrated air-based solar collectors that are reported in the literature is 
provided in Table 2.6. 
Table 2.6. Characteristics of desiccant cooling systems assisted by air-based solar collectors. 
Air-based solar 
system 
Desiccant cooling 
system (DECS) 
Location and 
evaluation method 
System performance 
and operational 
conditions 
Unglazed flat plate air 
collector (Fong et al., 
2010) 
Area:100 m2 
Auxiliary heater: yes 
Type: single-stage 
DECS 
Desiccant material: 
silica gel 
Hong Kong, China 
Evaluation method: 
simulations 
Annual COPth=1.38 
Annual SF=17% 
Treg=55℃ 
Tsup=22℃ 
dsup=8-12 g/kg 
Type: porous type 
solar air heater 
(Kabeel, 2007) 
Area:1.2 m2 
Average thermal 
efficiency:0.2-0.7 
Auxiliary heater: no 
 
Type: single-stage 
DECS 
Desiccant material: 
calcium chloride 
Diameter of desiccant 
wheel:400mm 
Width of desiccant 
wheel:600 mm 
Rotation speed:120 
r/hr 
Egypt  
Evaluation method: 
experiments 
COPth=0.65-0.9 
Tamb=28-38℃ 
Treg=30-60℃ 
Δd=2-7 g/kg 
 
Type: Evacuated tube 
air collector (Li et al., 
2012) 
Areas:120 m2 
Auxiliary heater: yes 
Type: two-stage 
DECS 
Desiccant material: 
composite silica gel 
and lithium chloride 
Dezhou, China 
Evaluation method: 
simulations 
COPth=0.8-1.2 
Tamb=26.7-32℃ 
damb= 18g/kg 
Treg=93.9℃ 
Tsup=18-20℃ 
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dsup=6-10 g/kg 
 
Type: Evacuated tube 
air collector (Li et al., 
2013) 
Area: 92.4 m2 
Auxiliary heater: no 
Type: two-stage 
DECS 
Desiccant material: 
composite silica gel 
and lithium chloride 
Dezhou, China 
Evaluation method: 
simulations  
COPth=0.34 
SF=0.75 
Tsup=20.4℃ 
Tind=22.4℃ 
 
Type: PVT and solar 
air heater (Mei et al., 
2006) 
Area of SAH:105 m2 
Area of PVT: 300 m2 
Area of PV façade:225 
m2 
Auxiliary heater: no 
Type: single-stage 
DESC 
Desiccant materials: 
silica gel 
Diameter of desiccant 
wheel: 2100 mm 
Width of the desiccant 
wheel:360 mm 
Rotation speed: 20 
r/hr 
Mataro, Spain 
Evaluation method: 
simulations  
COPth=0.518 
Tamb= 25-38℃ 
damb=10- 15g/kg 
Treg=70℃ 
Tsup=15-21℃ 
dsup=7-10 g/kg 
 
 
As seen from Table 2.6, most of the air-based solar collectors used to regenerate the 
desiccant were solar air heaters (SAH), while the PVT or hybrid PVT-SAH systems 
were rarely used for desiccant regeneration purposes. As the PVT systems are 
increasingly applied on rooftop of buildings or building façades as BIPVT systems, it 
would be worthy to investigate the option of supplying heat to desiccant cooling 
systems for reducing the energy demand in warm summer conditions. 
2.6.2 Methods used to improve the performance of solar-assisted desiccant cooling 
systems  
In the past decades, great efforts have been made to improve the performance of solar 
desiccant cooling systems, including the development of advanced desiccant materials, 
efficient system configurations and identifications of the optimal design and operating 
parameters of the system. For instance, several studies proposed new advanced 
desiccant materials with efficient thermal and adsorption characteristics and 
investigated the influence of thermophysical properties of the desiccant materials on 
Chapter 2 
54 
 
the overall energy performance of the solar assisted desiccant cooling systems (Ge et 
al., 2010a; Ge et al., 2010b). Mei et al. (2006) proposed a basic configuration of a 
desiccant cooling system in which the regeneration energy was supplied by PVT 
systems and solar air heaters that were connected in series. The temperature of the 
regeneration air was controlled at 70oC and above and the year-around simulation 
showed that the proposed cooling system can achieve an average thermal COP of 0.518 
and a Solar Fraction of 75%. Nelson et al. (1978) performed a feasibility study of two 
desiccant cooling system configurations (ventilation mode and re-circulation mode) 
using the solar energy as regeneration energy. Angrisani et al. (2016) proposed three 
innovative designs of desiccant cooling systems based on different configurations of 
the heat recovery exchangers and chillers. The experimental analysis of the 
performance of the proposed systems showed that 20-25% primary energy savings and 
40-45% reductions of CO2 emissions can be achieved by the proposed systems in 
comparison to the conventional desiccant cooling system. Li et al. (2012) 
experimentally investigated the performance of a two-stage rotary desiccant cooling 
and heating system that was driven by evacuated glass tube solar air heaters. The year-
round results showed that the system can achieve a thermal COP of 0.97 and 0.45 in 
cooling and heating mode, respectively. Besides, other authors (Baniyounes et al., 
2013; Finocchiaro et al., 2012; La et al., 2011) proposed integrated cooling systems 
which combined solar-assisted desiccant cooling systems with conventional vapour 
compression air conditioning systems in parallel or in series. In these cases, the 
desiccant system was sized to cover the latent cooling load and the vapour compression 
system was used to deal with the sensible load.  
Relevant research also examined the effects the system design and operating 
parameters on the performance of desiccant cooling systems. Panaras et al. (2010) 
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experimentally evaluated the performance of desiccant systems in ventilation and 
recirculation modes when varying the regeneration temperature and air flow rate. The 
experimental results showed that, for both operation modes, the COP of the system 
decreased with increasing regeneration temperature and inlet flow rate. De Antonellis 
et al. (2010) analysed the performance of a desiccant cooling system for a wide range 
of operating conditions using a one-dimensional gas side resistance model. The 
optimal values of the operating parameters of the desiccant wheel (revolution speed 
and process air angular sector) were obtained for different performance criteria. 
Hatami et al. (2012) optimised the desiccant wheel configurations to obtain the 
minimum required surface areas of the solar collector. Chung and Lee (2011) analysed 
the effects of various design parameters on the performance of a desiccant cooling 
system and concluded that the regeneration temperature is the most influential factor 
on the energy performance which contributed to 23.9-31.9% of the total variance. 
While the above studies focused on evaluating the performance of desiccant cooling 
systems, there is a gap in research on optimising the energy performance of more 
complex hybrid solar driven desiccant systems. More specifically, there are currently 
not any studies of these hybrid systems that have considered the feedback control 
between the required cooling demand from the building in tandem with the response 
of the supply side from the system instead of using fixed a priori operating conditions. 
In actual applications, the cooling load at a specific time is used to control the operating 
parameters of the desiccant cooling system so that the desired conditions of the supply 
air can be achieved. The supply air will, in turn, alter the cooling load of the building 
at the next moment in time.  
Chapter 2 
56 
 
2.7 Summary 
A literature review on the fundamental theories, technologies for performance 
improvements, mathematical modelling, design optimisation, and economic 
evaluation of PVT systems as well as their integration with the desiccant cooling 
system has been provided in this chapter. The research and development work on the 
PVT systems mainly focused on simulation and experimental studies, while little work 
has been done on the economic feasibility studies. Below are some conclusions from 
this review: 
1) Several performance indicators have been developed to evaluate the short and 
long-term performance of PVT systems (e.g. combined thermal and electrical 
efficiency, primary energy saving efficiency, exergetic efficiency). The choice 
of these performance indicators depends on the designers’ priority on the 
generation of electricity or thermal energy. 
2) Various technologies are available to enhance the thermal and electrical 
performance of the PVT and SAH systems. However, a hybrid PVT-SAH 
system that has not been developed to utilise the advantages of both a PVT and 
a SAH. It is, therefore, worth to explore the development of such a hybrid 
system to produce the electricity and high-temperature thermal energy. 
3) A number of mathematical thermal models of the PVT and SAH systems have 
been reported in literature while most of them were steady state models which 
are not suitable to predict the thermal and electrical outputs of a PVT or SAH 
system under dynamic weather conditions. It is necessary to develop dynamic 
models that can be potentially used for performance prediction, design 
optimisation and system control. 
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4) Many of the existing optimisation studies used the parametric analysis method 
for design optimisation, which failed to consider the interactions among the 
design parameters and cannot guarantee that the resultant designs are optimal. 
The PVT systems integrated with the heat transfer enhancement technologies 
can result in a large number of design parameters and thus further increase the 
complexity for finding the global optimal design of the systems. However, a 
guideline for the optimal design of the PVT system with complex design has 
not been hitherto developed. 
5) The Pareto-based multi-objective design optimisation which results in several 
optimal solutions can provide more flexibility than the single-objective design 
optimisation which fits a specific application. Multi-objective design 
optimisation is worth further investigation to determine the global optimal 
designs of the PVT systems for simultaneously maximising the thermal and 
electrical outputs. 
6) Economic feasibility analysis is an essential procedure for the commercial 
availability of PVT products. However, most of the previous studies focused 
on the thermal and electrical assessment of PVT systems with only a few 
studies incorporating the economic analysis into the performance evaluation of 
PVT systems. 
7) Using the solar energy to regenerate the desiccant in a desiccant cooling system 
is a promising method to improve energy efficiency and sustainability in a 
building. The solar collectors used to provide thermal energy for regenerating 
the desiccant are mainly SAHs. As the PVT systems are increasingly used in 
the building sector, there is a need to investigate the feasibility of integrating 
PVTs to desiccant cooling systems.  
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This thesis will focus on the development and modelling of high-temperature PVT 
systems that can potentially be used for regenerating the desiccant in a desiccant 
cooling process. To maximise the thermal and electrical performance of the proposed 
PVT systems, a multi-objective design optimisation methodology will be developed. 
An economic study, as well as the integration of PVT with the desiccant cooling 
systems, will be conducted. 
In the next chapter, two PVT systems that can be potentially used to provide thermal 
energy at a relatively high temperature will be developed based on the technologies 
for thermal and electrical performance enhancement that were reviewed in this chapter.
Chapter 3 
59 
 
Chapter 3: Development of high-temperature PVT systems 
The literature review in Chapter 2 showed that PVT systems have been increasingly 
used for providing heating, ventilation and useful electricity. On the other hand, the 
use of PVT systems for space cooling, particularly to assist the operation of rotary 
desiccant cooling systems has not been sufficiently studied. The challenge of 
integrating PVT systems with rotary desiccant cooling systems is their limited 
capability to provide thermal energy with relatively high temperature to regenerate the 
desiccant in a rotary desiccant wheel. This chapter presents two conceptual designs of 
PVT systems, including a photovoltaic thermal collector-solar air heater with fins and 
a double pass photovoltaic thermal collector-solar air heater with heat pipes, that 
would be able to provide thermal energy with relatively high temperature and maintain 
the reasonable electricity generation. 
This chapter is organised as follows. The technologies considered to develop the new 
high-temperature PVT systems are introduced Section 3.1. Section 3.2 proposes two 
candidate PVT system designs that incorporate the technologies presented in Section 
3.1. A description of the geometric designs and operation principles of the proposed 
PVT systems is given in Section 3.3. The key findings and discussions in this chapter 
are summarised in Section 3.4. 
3.1 Design considerations 
The various technologies for heat transfer enhancement and energy conservation that 
could be potentially incorporated into the design of high-temperature PVT systems 
were reviewed in Chapter 2. Considering simplicity of the system as well as easy 
integration with the building roof or façade, the following designs and technologies 
are considered. 
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3.1.1 Integrated design of PVT and SAH 
PVT systems are often designed with longer air channels for achieving a higher outlet 
air temperature. However, the local temperature of the PV absorber will increase with 
increasing PVT length. The excessive high temperature will bring challenges to the 
operation of PV panels, resulting in a decreased electrical efficiency, irreversible 
damages of the PV cells, and reduced lifespan of the PVT system. An alternative 
approach to achieving high outlet air temperature is to connect PVT systems with solar 
air heaters (SAH) in series. The hybrid PVT-SAH system uses the PVT for generating 
electricity and heat, and the SAH for producing thermal energy at relatively high 
temperatures. 
3.1.2 Addition of fins into the air channels 
As the addition of fins has been considered as one effective approach to enhancing the 
thermal and electrical performance of PVT and SAH systems, the performance of the 
hybrid PVT-SAH system can be further enhanced by attaching longitudinal fins in the 
air channels to improve heat transfer between the absorber and the air flowing through 
the channels. Inserting the longitudinal fins in the air channels can increase the heat 
transfer areas between the PVT-SAH system and the flowing air and it therefore 
increases the thermal energy extracted from the PV cells and the absorber plate. 
Furthermore, the enhanced heat extraction from the PVT reduces the surface 
temperature behind the PV cells and leads to higher electrical outputs. 
3.1.3 Addition of heat pipes into the air channels 
Although many of the existing PVT enhancement technologies can reduce the 
overheating of PV panels, the temperatures of the PV cells are often subject to a 
significant variation along the length of the system. The non-uniform temperature 
distribution on the PV panel will adversely affect the electricity generation because the 
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PV cells are connected in series. Therefore, the integration of heat pipes is considered 
in this study to enhance the thermal and electrical performance of the PVT-SAH 
system as well as improve the temperature uniformity of the PV cells.  
3.1.4 Addition of glass cover and insulation layers 
According to the literature review, a noticeable amount of thermal energy can be 
released into the surrounding environment from the top and back side of the PVT 
systems due to the large aperture surface and temperature difference between the PVT 
and the ambient air. To minimise the heat loss, a transparent glass cover is configured 
on the top of PVT-SAH systems which has cavity air between the glass cover and the 
PV plate/absorber plate. In addition, an insulation layer is considered to be placed at 
the back side of PVT-SAH systems. 
3.2 Conceptual design of two PVT-SAH systems 
Based on the technologies identified in Section 3.1, two new PVT-SAH designs were 
first developed for high outlet air temperature applications in desiccant wheel systems. 
The first proposed hybrid photovoltaic thermal collector-solar air heater (PVT-SAH) 
has longitudinal fins installed in the air channel while the second system includes a 
double pass air channel with heat pipes. These two proposed PVT-SAH systems are 
presented in Figure 3.1 and Figure 3.2 respectively. The design and operation 
principles of the proposed systems are detailed in Section 3.3. 
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Figure 3.1. Illustration of the hybrid PVT-SAH system with longitudinal fins. 
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Figure 3.2. Illustration of the hybrid double pass PVT-SAH system with heat pipes. 
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3.3 Design and operation principles of the two PVT-SAH systems 
3.3.1 Hybrid PVT-SAH system with fins 
The hybrid PVT-SAH system with fins is composed of a PVT and a SAH which are 
connected in series. The PVT and SAH have the same width, and the SAH is connected 
to the outlet of the PVT in order to further increase the outlet air temperature (Figure 
3.3). The longitudinal fins are attached between the absorber plate and bottom plate of 
the PVT and the SAH and they divide the air channel into a number of small passages. 
The attached fins can enhance the thermal and electrical performance of the hybrid 
PVT-SAH system by increasing the heat transfer areas between the flowing air and air 
channels. A single layer of glass with a stagnant air layer between the glass cover and 
the PV absorber plate is used to allow the solar irradiation to reach the PV plate and 
the absorber plate while reducing heat losses to the ambient air (in comparison with an 
unglazed system) (Figure 3.4). A thin layer of thermal conductive adhesive is attached 
between the PV plate and the absorber plate in the PVT part so that good thermal 
contact can be obtained between PV plate and absorber plate. The thermal conductive 
adhesives were used as the bonding materials between the PV plate and the absorber 
plate for heat dissipation. The performance of the thermal conductive adhesives was 
measured by the values of their thermal conductivity which influences the amount of 
heat that can be transferred from the PV plate to the absorber plate. The thermal 
conductive adhesives with high thermal conductivity were preferred for improving the 
thermal efficiencies of the PVT-SAH systems and will result in relatively small 
temperature difference between the PV plate and the absorber plate. 
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Figure 3.3. Schematic view of the PVT-SAH system with fins. 
 
Figure 3.4. Cross-sectional view of the PVT-SAH system with fins. 
3.3.2 Hybrid double pass PVT-SAH system with heat pipes 
The proposed hybrid double pass PVT-SAH system integrated with heat pipes can be 
decomposed into two subsystems: a single-pass PVT module with heat pipes and a 
single-pass SAH module with fins as shown in Figure 3.5. The PVT module consists 
M 
M 
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of the glass cover, PV panel, back plate, heat pipes and a lower air channel. The SAH 
module includes the glass cover, absorber plate, an upper air channel and the inserted 
longitudinal fins. The evaporators of the heat pipes are arranged beneath the back sheet 
of the PV panel to extract the thermal energy which is then transferred to the condenser 
section of the heat pipe via the phase change of the inner fluid. The condensers of the 
heat pipes are inserted into the lower air channel and transfer the heat to the cross-
flowing air. When operating, the ambient air from the outside is first circulated to the 
lower channel where it is heated up by the heat generated from the heat pipes. The 
heated air is then circulated to the upper channel where the absorber plate of the SAH 
will further increase the air temperature (Figure 3.6). The PVT and SAH modules are 
linked by a connection layer (using insulation and adhesive materials) and the heat 
exchanges between the upper and lower channels could also occur through the same 
connection layer.  
 
Figure 3.5. Schematic view of the PVT-SAH system with heat pipes 
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Figure 3.6. Cross-sectional view of the PVT-SAH system with heat pipes. 
3.4 Summary 
This chapter presented two candidate designs of PVT systems, namely a hybrid PVT-
SAH system with fins and a hybrid double pass PVT-SAH system with heat pipes that 
could be used to provide thermal energy with relatively high temperature for the 
regeneration of desiccants in a desiccant wheel used in rotary desiccant cooling 
systems. The two proposed PVT-SAH systems were developed by integrating a SAH 
to the outlet of a PVT system and adopting appropriate technologies for enhanced heat 
transfer (i.e. longitudinal fins and heat pipes) and for prevention of heat losses to the 
ambient environment such as glass cover and insulation materials. Both of the 
proposed PVT-SAH systems were flat with regard to their structure which allows them 
to be easily mounted on the building roof or integrated with the building facade. As 
the focus of this chapter was to provide the initial designs of the hybrid PVT-SAH 
systems, the specifications on the design parameters of the system geometry, 
construction materials and the type of the PV cells have not been detailed. However, 
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the design specifications of the proposed hybrid PVT-SAH systems will be 
incorporated into the following chapters.  
Chapter 4 introduces the development of dynamic models of the proposed PVT-SAH 
systems to allow a robust evaluation of the performance of these systems and the 
optimization of their design parameters.
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Chapter 4: Development of dynamic models for hybrid photovoltaic 
thermal collector – solar air heater systems  
In Chapter 3, two conceptual designs of photovoltaic thermal (PVT) collector-solar air 
heater (SAH) systems with fins and with heat pipes have been developed with the aim 
to use them for regenerating the desiccant in a desiccant cooling process. To guarantee 
the benefits from using the proposed PVT-SAH systems for the desiccant regeneration, 
it is essential to quantify the thermal and electrical performance of the systems under 
realistic operating conditions.  
Steady state models have been used in most cases to quantify the performance of a 
PVT system. However, these models are unable to predict the thermal dynamic 
behaviour of a PVT system, particularly the time delay in the temperature changes of 
various components in the system caused by their thermal capacitance. The magnitude 
of the time delay could be considerable especially under varying operating conditions 
(e.g. fluctuated solar radiation, ambient temperature, mass flow rate, wind speed, etc.). 
To better predict these temperature changes and evaluate the performance of these 
systems, the use of dynamic thermal models could be adapted. Dynamic thermal 
models can accurately predict the temperature changes of the PVT or SAH systems 
under realistic operating conditions, however such models for the exact proposed 
hybrid PVT-SAH systems of Chapter 3 have not been reported in the existing literature. 
This chapter presents the development of dynamic models for predicting the outlet air 
temperature and the overall performance of the two proposed hybrid PVT-SAH 
systems of Chapter 3. The dynamic models of PVT-SAH with fins and PVT-SAH with 
heat pipes were both developed using the finite volume method (FVM). The model of 
the PVT-SAH with fins is validated using data collected from a PVT test facility and 
reference data reported in previous studies. The model of the PVT-SAH with heat 
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pipes is validated through theoretical analysis and also by comparing its simulation 
results with reference data found in existing literature. 
This chapter is structured as follows. Section 4.1 presents the development process of 
the dynamic model for the proposed hybrid PVT-SAH system with fins and the 
detailed solution procedures. Section 4.2 describes the steps undertaken to validate the 
dynamic model and the resulted validation outputs for the PVT-SAH system with fins. 
Section 4.3 and Section 4.4 respectively describe the methodology for developing the 
model and the method for model validation of the PVT-SAH system with heat pipes. 
In Section 4.5, the dynamic responses of the hybrid PVT-SAH system with fins to the 
changes of working conditions are analysed and the model outputs versus the outputs 
from an equivalent steady state model are compared. Section 4.6 investigates the effect 
of fin number and fin height on the system performance of the PVT-SAH with fins. In 
Section 4.7, a case study using the model of PVT-SAH with fins is used to examine 
the effect of PV covering factor on the thermal and electricity outputs of the whole 
PVT-SAH system. Section 4.8 compares the temperature distributions on the PV plate 
between the PVT-SAH with heat pipes and the PVT-SAH with fins.  A brief summary 
of the key findings is provided in Section 4.9. 
4.1 Development of a dynamic model for the PVT-SAH system with fins  
4.1.1 Finite volume heat balance approach – system discretisation 
The hybrid PVT-SAH with fins is first discretised into a finite number of control 
volumes along its length as shown in Figure 4.1. The boundary conditions applied to 
each discretised control volume include the solar radiation, wind speed, ambient and 
sky temperature as well as the inlet air temperature. The outlet air temperature of a 
control volume is assigned as the inlet air temperature of the next neighbouring control 
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volume. The PVT is further discretised vertically into a finite number of nodes 
representing the glass cover (node ‘g’), the PV plate (node ‘pv’), the absorber plate 
(node ‘p’), the fins (node ‘fin’), the air stream (node ‘f’) and the bottom plate (node 
‘b’). As shown in Figure 4.2 (b), for the SAH control volumes the vertical 
discretisation was the same as that of PVT except that there is no PV plate node. For 
each node, a heat transfer balance equation was applied depending on the various 
forms of heat transfer process occurring on that node. Although these balance 
equations are in the discrete form, they are interlinked in nature. The set of equations 
will form a matrix where a simultaneous solution of the node temperature will be 
obtained for each time step. Section 4.1.3 will provide an example of how the heat 
transfer balance equations were developed for each node of the system and their final 
formulation into a form suitable for a simultaneous solution. The finite volume method 
(FVM) is employed to evaluate and represent the partial differential energy balance 
equation for each node in the form of an algebraic equation. The FVM handles the 
partial differential equations by volume integrals, and it is based on the conservation 
of energy and mass principles. In addition, the FVM also provides the possibility to 
expand the current model into more complex 2D or 3D problems to evaluate similar 
systems of complex geometry. 
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Figure 4.1. Discretisation of control volumes along the length of PVT-SAH system. 
 
Figure 4.2. Cross section views showing the various components of PVT and SAH and the 
temperatures used in the governing equations. 
4.1.2 Key assumptions 
The following assumptions were used in the model development of the system: 
• Heat transfer in a control volume occurs in one dimension perpendicular to the 
air flow direction of the PVT-SAH system with the exception of the flowing 
air where the heat transfer is happening both perpendicularly and parallel to the 
flow direction. 
(a) (b) 
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• The air is evenly distributed to each air channel and the air velocity in each air 
channel is identical. 
• For each time step, the temperature of the flowing air, PV plate, absorber plate, 
fins, glass cover, and bottom plate is uniform over the width of the system but 
varies along the control volumes in the air flow direction. 
• The heat conduction through the fins has a vertical direction from the absorber 
plate to the bottom plate. 
• There is no air leakage in the air channels and a good thermal contact between 
the PV plate and absorber plate is assumed. 
• The heat loss through the PVT and SAH frame sides is negligible. 
4.1.3 Energy balances for PVT and SAH  
A generic energy balance for each solid control volume and the air control volume can 
be represented by Eq. (4.1) and Eq. (4.2) respectively and the development of detailed 
energy balance equations is given in the following subsections. 
𝑄𝑠𝑡𝑜𝑟𝑎𝑔𝑒=𝑄𝑛𝑒𝑡 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 + 𝑄𝑛𝑒𝑡 𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 + 𝑄𝑛𝑒𝑡 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (4.1) 
 
𝑄𝑠𝑡𝑜𝑟𝑎𝑔𝑒=𝑄𝑛𝑒𝑡 𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 + 𝑄𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛 (4.2) 
4.1.3.1 Energy balance equations for PVT 
Top glass (node ‘𝒈’) 
The energy balance equation for the top glazing layer (node ‘g’) can be represented by 
the following partial differential expression. 
𝐴 𝐶𝑔 𝑀𝑔  
𝜕𝑇𝑔,𝑖
𝜕𝑡
=  𝛼𝑔 𝐼𝑡 𝐴 + ℎ𝑛𝑐  𝐴 (𝑇𝑝𝑣,𝑖 − 𝑇𝑔,𝑖) + ℎ𝑟,𝑝𝑣−𝑔𝐴 (𝑇𝑝𝑣,𝑖 − 𝑇𝑔,𝑖)
+ ℎ𝑤 𝐴  (𝑇𝑎𝑚𝑏 − 𝑇𝑔,𝑖) + ℎ𝑟,𝑔−𝑠𝑘𝑦𝐴 (𝑇𝑠𝑘𝑦 − 𝑇𝑔,𝑖) 
(4.3) 
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The left-hand side term represents the heat storage rate of the glazing layer, while the 
terms on the right-hand side include the fraction of incident solar radiation absorbed 
by the glass, the natural convection heat exchange and the long wave radiation heat 
exchange between the PV plate and the glass, the convection loss/gain to ambient air, 
and the long wave radiation heat exchange between the glass and the sky. 
The differential term on the left-hand side of Eq. (4.3) is replaced by a forward 
difference expression in terms of time. The explicit form of the energy balance for a 
time step t can then be written as in Eq. (4.4), in which the time-dependent terms on 
the right-hand side (i.e. heat transfer coefficients, nodal temperatures and solar 
radiation intensity) are evaluated at the present time step t. A discussion on the 
relationships used for determining the convective and radiative heat transfer 
coefficients are given in Table 4.1. A fully implicit expression of the same energy 
balance equation as Eq. (4.3) can be easily obtained by using the values of the future 
time step (t+∆t) on the right-hand side. 
A 𝐶𝑔 𝑀𝑔  [
𝑇𝑔,𝑖
𝑡+∆𝑡 − 𝑇𝑔,𝑖
𝑡
∆𝑡
]
= 𝛼𝑔 𝐼𝑡
𝑡 𝐴 + ℎ𝑛𝑐
𝑡  𝐴 (𝑇𝑝𝑣,𝑖
𝑡 − 𝑇𝑔,𝑖
𝑡 ) + ℎ𝑟,𝑝𝑣−𝑔
𝑡 𝐴 (𝑇𝑝𝑣,𝑖
𝑡 − 𝑇𝑔,𝑖
𝑡 )
+ ℎ𝑤
𝑡 𝐴  (𝑇𝑎𝑚𝑏
𝑡 − 𝑇𝑔,𝑖
𝑡 ) + ℎ𝑟,𝑔−𝑠𝑘𝑦
𝑡 𝐴 (𝑇𝑠𝑘𝑦
𝑡 − 𝑇𝑔,𝑖
𝑡 ) 
(4.4) 
When multiplying the explicit expression by a factor of γ (0≤ γ≤1), the implicit form 
by a factor of (1− γ), and adding them together, the following flexible expression can 
be derived. 
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[𝐶𝑔 𝑀𝑔 + (1 − γ) ∆𝑡 (ℎ𝑛𝑐
𝑡+∆𝑡 + ℎ𝑟,𝑝𝑣−𝑔
𝑡+∆𝑡 + ℎ𝑤
𝑡+∆𝑡 + ℎ𝑟,𝑔−𝑠𝑘𝑦
𝑡+∆𝑡 )]𝑇𝑔,𝑖
𝑡+∆𝑡  
+ [(γ − 1)∆𝑡 (ℎ𝑛𝑐
𝑡+∆𝑡 + ℎ𝑟,𝑝𝑣−𝑔
𝑡+∆𝑡 )]𝑇𝑝𝑣,𝑖
𝑡+∆𝑡
= [𝐶𝑔 𝑀𝑔 − γ ∆𝑡 (ℎ𝑛𝑐
𝑡 + ℎ𝑟,𝑝𝑣−𝑔
𝑡 + ℎ𝑤
𝑡 + ℎ𝑟,𝑔−𝑠𝑘𝑦
𝑡 )]𝑇𝑔,𝑖
𝑡
+ [γ ∆𝑡 (ℎ𝑛𝑐
𝑡 + ℎ𝑟,𝑝𝑣−𝑔
𝑡 )]𝑇𝑝𝑣,𝑖
𝑡
+ γ ∆𝑡 [𝛼𝑔𝐼𝑡
𝑡 + ℎ𝑤
𝑡  𝑇𝑎𝑚𝑏
𝑡 + ℎ𝑟,𝑔−𝑠𝑘𝑦
𝑡 𝑇𝑠𝑘𝑦
𝑡 ]
+ (1 −  γ)∆𝑡[𝛼𝑔 𝐼𝑡
𝑡+∆𝑡 + ℎ𝑤
𝑡+∆𝑡 𝑇𝑎𝑚𝑏
𝑡+∆𝑡 + ℎ𝑟,𝑔−𝑠𝑘𝑦
𝑡+∆𝑡  𝑇𝑠𝑘𝑦
𝑡+∆𝑡] 
(4.5) 
The combined equation provides a solution that can overcome the disadvantage of the 
explicit equation with regard to being restricted on the size of time step and space step 
for solution convergence. The parameter γ determines the weighting percentage of the 
explicit part in the resulting energy balance equation. In this study, the same weight 
was used for both implicit and explicit relations (γ = 0.5) as default, which is also 
known as the numerically stable Crank-Nicolson scheme. 
The transformation and rearrangement of the governing equations for the other PVT 
components follow the same process as for the glass cover. 
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Table 4.1. Heat transfer coefficients used in the model. 
Overall heat loss coefficients from the PV plate and the absorber plate 
Overall heat loss coefficient from PV plate to ambient 
𝑈𝑡,𝑝𝑣 = (
1
ℎ𝑛𝑐 + ℎ𝑟,𝑝𝑣−𝑔
+
1
ℎ𝑤 + ℎ′𝑟,𝑔−𝑠𝑘𝑦
)−1 (4.6) 
 
In which ℎ′𝑟,𝑔−𝑠𝑘𝑦 refers to ambient temperature and is modified from ℎ𝑟,𝑔−𝑠𝑘𝑦 (Eq. (21) which refer to sky 
temperature) by multiplying Eq. (21) with  
𝑇𝑔−𝑇𝑠𝑘𝑦
𝑇𝑔−𝑇𝑎𝑚𝑏
     
Overall heat loss coefficient from absorber plate to ambient 𝑈𝑡,𝑝 = (
1
ℎ𝑛𝑐 + ℎ𝑟,𝑝−𝑔
+
1
ℎ𝑤 + ℎ′𝑟,𝑔−𝑠𝑘𝑦
)−1 (4.7) 
 
Radiation heat transfer coefficients 
Radiation coefficient from glass to sky (Duffie and Beckman, 2013) ℎ𝑟,𝑔−𝑠𝑘𝑦 = 𝜀𝑔 𝜎 (𝑇𝑔 + 𝑇𝑠𝑘𝑦)(𝑇𝑔
2 + 𝑇𝑠𝑘𝑦
2 ) (4.8) 
 
Radiation coefficient from absorber plate to glass 
ℎ𝑟,𝑝−𝑔 = 
𝜎 (𝑇𝑝 + 𝑇𝑔)(𝑇𝑝
2 + 𝑇𝑔
2)
1
𝜀𝑝
+
1
𝜀𝑔
− 1
 
(4.9) 
 
Radiation coefficient from PV plate to glass 
ℎ𝑟,   𝑝𝑣−𝑔 = 
𝜎 (𝑇𝑝𝑣 + 𝑇𝑔)(𝑇𝑝𝑣
2 + 𝑇𝑔
2)
1
𝜀𝑝𝑣
+
1
𝜀𝑔
− 1
 
(4.10) 
 
Radiation coefficient from absorber to bottom plate 
ℎ𝑟,   𝑝−𝑏 = 
𝜎 (𝑇𝑝 + 𝑇𝑏)(𝑇𝑝
2 + 𝑇𝑏
2)
1
𝜀𝑝
+
1
𝜀𝑏
− 1
 
(4.11) 
 
Convection heat transfer coefficients 
Wind convection coefficient  on glass cover (Watmuff et al., 1977) 
ℎ𝑤 = 2.8 + 3.3𝑉𝑤 (4.12) 
 
Convection heat transfer coefficient in air channel (Duffie and 
Beckman, 2013) ℎ𝑐,𝑝−𝑓 = ℎ𝑐,𝑓𝑖𝑛−𝑓 = ℎ𝑐,𝑏−𝑓 =
(𝑁𝑢 𝐾𝑓)
𝐷ℎ
 (4.13) 
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                                                                          𝑁𝑢 = 𝑁𝑢∞ +
𝑎(
𝑅𝑒Pr𝐷ℎ
𝐿
)
𝑚
1+𝑏(
𝑅𝑒Pr𝐷ℎ
𝐿
)
𝑛
𝑃𝑟0.17
    𝑤ℎ𝑒𝑛 𝑅𝑒 ≤ 2300 
                              Where 𝑁𝑢∞ = 4.9; a = 0.0606, b= 0.0909, m=1.2, n= 0.7 
 
                                                                          Nu = 0.0158 𝑅𝑒0.8                        𝑤ℎ𝑒𝑛 𝑅𝑒 > 2300 
Natural convection coefficient in stagnant air cavity(Hollands et al., 
1976) ℎ𝑛𝑐 =
𝑁𝑢 𝐾𝑓
𝐻𝑔𝑎𝑝
 (4.14) 
 
Nu = 1 + 1.44 [1 −
1708 (𝑠𝑖𝑛 1.8∅)1.6
𝑅𝑎 cos∅
] [1 −
1708
𝑅𝑎 cos∅
]
+
+ [(
𝑅𝑎 cos∅
5380
)
1
3
− 1]
+
 
Where 0 ≤ ∅ ≤ 60° and 0 ≤ Ra ≤ 105 and notation [   ]+ means the value of the term in the bracket is set to zero if 
the calculated value is negative 
Conduction heat transfer coefficients 
Conduction heat transfer coefficient between PV plate to absorber 
plate 
  
ℎ𝑝𝑣−𝑝 =
1
𝑅𝑎𝑑 + 𝑅𝑝
 (4.15) 
                                                       
                                                                        Where 𝑅𝑎𝑑 =
𝑡𝑎𝑑
𝐾𝑎𝑑
 𝑎𝑛𝑑 𝑅𝑝 =
𝑡𝑝
𝐾𝑝
  
Conduction heat loss coefficient through bottom plate 
𝑈𝑏 =
1
𝑅𝑖𝑛𝑠𝑢 + 𝑅𝑤
 (4.16) 
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PV plate (node ‘𝒑𝒗’) 
The energy balance equation for the PV plate (node ’PV’) can be represented by Eq. 
(4.17). 
A 𝐶𝑝𝑣 𝑀𝑝𝑣  
𝜕𝑇𝑝𝑣,𝑖
𝜕𝑡
= 𝐴 𝐼𝐴𝑀 (𝜏𝑔𝛼𝑝𝑣)𝑛
𝐼𝑡 (1 − 𝜂𝑝𝑣) − 𝐴 𝑈𝑡,𝑝𝑣 (𝑇𝑝𝑣,𝑖 − 𝑇𝑎𝑚𝑏)
− A ℎ𝑝𝑣−𝑝 (𝑇𝑝𝑣,𝑖 − 𝑇𝑝,𝑖) 
(4.17) 
The left-hand side term of Eq. (4.17) includes the accumulated energy stored in the PV 
plate while the right hand side terms represent the solar radiation absorbed by the PV 
layer minus the fraction of this absorbed radiation that is converted into electricity, the 
heat loss from the top of the collector (which includes convection and radiation heat 
exchange) and the heat conduction between the PV lamination and the absorber plates. 
The incidence angle modifier (𝐼𝐴𝑀) is used to adjust the value of the transmittance-
absorptance product (𝜏𝑔𝛼𝑝𝑣)n when the incident solar radiation is not perpendicular to 
the PV plate, and the equation used to determine IAM can be found in Table 4.2. 
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Table 4.2. Net absorbed solar radiation for heat transfer. 
Net absorbed radiation (S) 
Net absorbed radiation for SAH 
(Duffie and Beckman, 2013) 
S = IAM (𝜏𝛼)𝑛  𝐼𝑡 (4.18) 
 
PV efficiency(Zondag et al., 2003) 𝜂𝑝𝑣 = 𝜂° (1 − 0.0045[𝑇𝑝𝑣 − 25℃]) (4.19) 
 
Available radiation for PVT    
S = IAM (𝜏𝛼)𝑛 𝐼𝑡  (1 − 𝜂𝑝𝑣) (4.20) 
  
Incidence Angle Modifier (IAM) 
(Duffie and Beckman, 2013) 
𝐼𝐴𝑀 =  
(𝜏𝛼)𝜃
(𝜏𝛼)𝑛
=
𝐼𝑏  
(𝜏𝛼)𝑏
(𝜏𝛼)𝑛
𝐼𝑡
+
𝐼𝑑 
(1 + cos ∅)
2
 
(𝜏𝛼)𝑑
(𝜏𝛼)𝑛
𝐼𝑡
+
𝐼ℎ 𝜌 
(1 + cos∅)
2
  
(𝜏𝛼)ℎ
(𝜏𝛼)𝑛
𝐼𝑡
 (4.21) 
Where the subscript of t, b, d and h refer to global radiation, beam radiation, sky diffuse radiation and reflected horizontal radiation; n and 
θ refer to the incident angle at normal and off-normal direction respectively; ρ and ∅ is ground reflectance ratio and tilt angle of PVT-
SAH system respectively. 
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Absorber plate (node ‘𝒑’) 
The energy balance equation for the absorber plate (node ‘𝑝’) is shown in Eq. (4.22). 
A 𝐶𝑝 𝑀𝑝  
𝜕𝑇𝑝,𝑖
𝜕𝑡
= 𝐴 ℎ𝑝𝑣−𝑝  (𝑇𝑝𝑣,𝑖 − 𝑇𝑝,𝑖) − 𝐴 ℎ𝑐,𝑝−𝑓 (𝑇𝑝,𝑖 − 𝑇𝑓,𝑖)
− 𝐴 ℎ𝑟,𝑝−𝑏(𝑇𝑝,𝑖 − 𝑇𝑏,𝑖) − 𝐴𝑐𝑠𝐾𝑓𝑖𝑛
(𝑇𝑝,𝑖 − 𝑇𝑓𝑖𝑛,𝑖)
1
2𝐻𝑓𝑖𝑛
 
(4.22) 
The right-hand side terms include the conduction flux between the PV plate and the 
absorber plate, the convection flux to the air that flows within the PVT channels, the 
long wave radiation exchange with the bottom plate and the conduction heat transfer 
to the fins. The long wave heat exchange with the fins is considered as negligible in 
this model. 
 Fins (node ‘𝒇𝒊𝒏’) 
The generic energy balance equation for fins is shown in Eq. (4.23). 
𝐴𝑓𝑖𝑛   𝐶𝑓𝑖𝑛 𝑀𝑓𝑖𝑛  
𝜕𝑇𝑓𝑖𝑛,𝑖
𝜕𝑡
= 𝐴𝑐𝑠𝐾𝑓𝑖𝑛
(𝑇𝑝,𝑖 − 𝑇𝑓𝑖𝑛,𝑖)
1
2𝐻𝑓𝑖𝑛
− 𝐴𝑐𝑠𝐾𝑓𝑖𝑛
(𝑇𝑓𝑖𝑛,𝑖 − 𝑇𝑏,𝑖)
1
2𝐻𝑓𝑖𝑛
− 2 𝐴𝑓𝑖𝑛  ℎ𝑐,𝑓𝑖𝑛−𝑓 (𝑇𝑓𝑖𝑛,𝑖 − 𝑇𝑓,𝑖) 
(4.23) 
The right-hand side terms of Eq. (4.23) represent the conduction heat transfer from the 
absorber plate to the fins, the conduction heat transfer from the fins to the bottom plate 
and the convection flux from the fin surface to the flowing air. 
 Air stream (node ‘𝒇’) 
The energy balance equation for the air flowing through the air channel (node ‘f’) is 
given by Eq. (4.24), in which the average control volume air temperature (Tf,i) is 
defined by Eq. (4.25) and the derivative of average control volume air temperature 
over the length is given by Eq. (4.26). 
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𝐶𝑓 𝜌𝑓 ∆𝑥  (𝑊𝑃𝑉𝑇 𝐻𝑓𝑖𝑛) 
𝜕𝑇𝑓,𝑖
𝜕𝑡
 + 𝐶𝑓𝑀?̇? ∆𝑥 
𝜕𝑇𝑓,𝑖
𝜕𝑥
= A ℎ𝑐,𝑝−𝑓( 𝑇𝑝,𝑖 − 𝑇𝑓,𝑖) + 𝐴 ℎ𝑐,𝑏−𝑓 (𝑇𝑏,𝑖 − 𝑇𝑓,𝑖)  
+ 2 𝐴𝑓𝑖𝑛 ℎ𝑐,𝑓𝑖𝑛−𝑓 ( 𝑇𝑓𝑖𝑛,𝑖 − 𝑇𝑓,𝑖) 
(4.24) 
 
𝑇𝑓,𝑖 =
𝑇𝑓,𝑖𝑛,𝑖 + 𝑇𝑓,𝑜𝑢𝑡,𝑖
2
 
(4.25) 
 
𝜕𝑇𝑓,𝑖
𝜕𝑥
=
𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛
∆𝑥
 
(4.26) 
In Eq. (4.24), the energy storage in the control volume and fluid temperature gradient 
along the flow direction is equal to the sum of the convection heat transfer from the 
absorber plate to fluid air, the convection heat transfer between the bottom plate and 
fluid air, and the convection heat transfer from fins to fluid air.  
 Bottom plate (node ‘b’) 
The energy balance at the bottom plate (Eq. (4.27)) accounts for the conduction 
gains/losses from the fins to the bottom plate, the long wave radiation heat transfer 
between the absorber and the bottom plate, the convection heat flux from the bottom 
plate to the flowing air and a combined term of the conduction heat transfer through 
the insulation layer at the back (bottom) of the system with the convection exchanges 
at the back of the system. 
A 𝐶𝑏𝑀𝑏  
𝜕𝑇𝑏,𝑖
𝜕𝑡
= 𝐴𝑐𝑠𝐾𝑓𝑖𝑛
(𝑇𝑓𝑖𝑛,𝑖−𝑇𝑏,𝑖)
1
2
𝐻𝑓𝑖𝑛
 + 𝐴 ℎ𝑟,𝑝−𝑏(𝑇𝑝,𝑖 − 𝑇𝑏,𝑖) + 𝐴 ℎ𝑐,𝑏−𝑓(𝑇𝑓,𝑖 −
𝑇𝑏,𝑖) − 𝐴 𝑈𝑏(𝑇𝑏,𝑖 − 𝑇𝑎𝑚𝑏)   
(4.27) 
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4.1.3.2 Energy balance equations for SAH 
The development of the energy balance equations for SAH is similar to PVT, but there 
is no PV panel attached onto the absorber layer (see Figure 4.2 (b)). Therefore, the 
same energy balance equations as for PVT are used for the glass cover, the fin, the air 
stream and the bottom plate. However, the heat fluxes for the absorber plate of the 
SAH are different from that of PVT, and the energy balance equation is given by Eq. 
(4.28). 
A 𝐶𝑝 𝑀𝑝  
𝜕𝑇𝑝,𝑖
𝜕𝑡
= 𝐴 𝐼𝐴𝑀 (𝜏𝑔𝛼𝑝)𝑛
𝐼𝑡  − 𝐴 𝑈𝑡,𝑝 (𝑇𝑝,𝑖 − 𝑇𝑎𝑚𝑏)
− 𝐴 ℎ𝑐,𝑝−𝑓 (𝑇𝑝,𝑖 − 𝑇𝑓,𝑖) − 𝐴 ℎ𝑟,𝑝−𝑏(𝑇𝑝,𝑖 − 𝑇𝑏,𝑖)
− 𝐴𝑐𝑠𝐾𝑓𝑖𝑛
(𝑇𝑝,𝑖 − 𝑇𝑓𝑖𝑛,𝑖)
1
2𝐻𝑓𝑖𝑛
 
(4.28) 
The right hand side of Eq. (4.28) includes the absorbed incident shortwave solar 
radiation on the collector, the overall heat loss from the absorber plate to the ambient 
environment, the convection heat transfer to the flowing air in the air channel, the long 
wave heat exchanges between the absorber and the bottom plates, and finally the 
conduction heat flux between the absorber and the fin. 
4.1.4 Numerical solution procedure 
To derive the self and cross-coupling coefficients, all energy balance equations 
presented in Section 4.1.3 were written into a uniform format and the whole set of 
equations were solved in matrices that are of the following generic form: 
𝐄 𝑇𝑡+∆𝑡 = 𝐅 𝑇𝑡  + 𝐆 = 𝐐 
(4.29) 
where 𝑇 is a column matrix of the nodal temperatures with six elements for PVT and 
five elements for SAH, and E and F are the matrices containing temperature and non-
temperature dependent coefficients for the future and present time steps respectively, 
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G contains the terms from the energy balance equation of each component that are 
known at the current time step (weather boundary conditions, etc.). As 𝑇𝑡 includes all 
the already solved nodal temperatures at the present time step, the two terms on the 
right-hand side of Eq. (4.29) can be combined into the matrix Q. Based on the above 
principles, the expanded form of the matrix for PVT and SAH is demonstrated below. 
The detailed expressions of the coefficients appearing in Eq. (4.30) and Eq. (4.31) are 
summarised in Appendix A Table A. 1 
For PVT: 
[
 
 
 
 
 
 
𝐸1,1 𝐸1,2 0 0 0 0
0 𝐸2,2 𝐸2,3 0 0 0
0 𝐸3,2 𝐸3,3 𝐸3,4 𝐸3,5 𝐸3,6
0 0 𝐸4,3 𝐸4,4 𝐸4,5 𝐸4,6
0 0 𝐸5,3 𝐸5,4 𝐸5,5 𝐸5,6
0 0 𝐸6,3 𝐸6,4 𝐸6,5 𝐸6,6]
 
 
 
 
 
 
×
[
 
 
 
 
 
 
 
𝑇𝑔
𝑡+∆𝑡
𝑇𝑝𝑣
𝑡+∆𝑡
𝑇𝑝
𝑡+∆𝑡
𝑇𝑓𝑖𝑛
𝑡+∆𝑡
𝑇𝑓
𝑡+∆𝑡
𝑇𝑏
𝑡+∆𝑡]
 
 
 
 
 
 
 
=
[
 
 
 
 
 
Q1
Q2
Q3
Q4
Q5
𝑄 6]
 
 
 
 
 
 
(4.30) 
 
For SAH: 
[
 
 
 
 
 
𝐸′1,1 𝐸′1,2 0 0 0
0 𝐸′2,2 𝐸′2,3 𝐸′2,4 𝐸′2,5
0 𝐸′3,2 𝐸′3,3 𝐸′3,4 𝐸′3,5
0 𝐸′4,2 𝐸′4,3 𝐸′4,4 𝐸′4,5
0 𝐸′5,2 𝐸′5,3 𝐸′5,4 𝐸′5,5]
 
 
 
 
 
×
[
 
 
 
 
 
Tg
t+∆t
Tp
t+∆t
Tfin
t+∆t
Tf
t+∆t
Tb
t+∆t]
 
 
 
 
 
=
[
 
 
 
 
 
Q′1
Q′2
Q′3
Q′4
Q′5]
 
 
 
 
 
 
(4.31) 
A flow diagram of the solution procedure is shown in Figure 4.3. Eqs. (4.6) to (4.14) 
in the diagram are used to calculate the heat transfer coefficients that are listed in Table 
4.1. 
The solution procedure developed to solve the discretised dynamic model in terms of 
time and length is summarised below: 
1. At the first time step of the simulation, the initial present time step temperatures 
are assumed and assigned to all finite control volumes of the hybrid PVT-SAH. 
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These initial temperatures are employed to calculate the temperature dependent 
heat transfer coefficients at the present time step. Other required non-temperature 
dependent matrix coefficients are also computed according to the boundary 
excitation input at the present time step. 
2. A guess is also made on the future-time temperatures of the PVT-SAH components 
(5oC is added by default to the temperatures of the present time step). The 
coefficients that were calculated in step 1 are calculated again based on the 
assumed temperature and boundary excitation inputs for the future time step. 
3. The elements of matrix Q/Q’ in Eq. (4.30)/Eq. (4.31) are then calculated from the 
above obtained (from steps 1 and 2) present and future time heat transfer 
coefficients and corresponding boundary excitation terms. 
4. The calculated future-time heat transfer coefficients in step 2 are substituted into 
the elements of global matrix E/E’ in Eq. (4.30)/Eq. (4.31). Through matrix 
calculation, a set of new future-time node temperatures is obtained. 
5. The new obtained future-time temperatures are compared with the assumed future 
temperatures (from step 2). The iterative process will be repeated until the 
difference between the two-consecutive future-step temperatures is less than 0.01 
K (default convergence criteria used).   
6. By setting the inlet air temperature the same as the outlet air temperature of the last 
control volume and processing steps 1 to 5, the nodal temperatures of the next 
neighbouring control volume can be obtained. This iterative process is repeated up 
to the last control volume along the length of PVT-SAH system after which the 
nodal temperatures for all control volumes are obtained for the first time step.  The 
above computed nodal temperatures for the first time step are then used as the 
present time step temperatures for the next time step. 
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7. The solution process continues with the next time step by repeating steps 1 to 6 
until the last simulation time step. 
 
Figure 4.3. Workflow diagram of solution procedures of the dynamic model 
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4.2 Model validation for the PVT-SAH with fins 
4.2.1  Validation using the data collected from an experimental test facility 
4.2.1.1 Description of the test rig 
A PVT test rig (Figure 4.4) located on the roof of the Sustainable Building Research 
Centre (SBRC), at the University of Wollongong in Australia is used to validate the 
dynamic model under real operational conditions. The test rig has dimensions of 3 m 
length and 3 m width. In the test, a photovoltaic system with a length of 1.7 m is 
attached onto the PVT test rig, while the remaining part of the test rig is used to mimic 
a SAH (Figure 4.5). The photovoltaic system is characterized as thin-film amorphous 
silicon product with electrical efficiency of 11.2% under standard testing conditions 
(25oC) and temperature coefficient of -0.23%/oC. The azimuth angle and tilt angle of 
PVT test rig are adjustable so that it can be used to evaluate the performance of 
PVT under different relative positions to the sun. During the testing period, the 
azimuth angle and tilt angle were adjusted to be 0o (north facing) and 22.5o 
respectively. A galvanized steel constructed manifold is installed at the inlet to 
ensure the air is evenly distributed to all air flow ducts. Over the width of the test 
rig, there are seven equally sized air channels (Figure 4.5). The metal slats that are 
separating the air channels were considered as longitudinal fins in this study. However, 
one limitation of this test rig is that it does not have a glass cover on the top. For 
validation purposes, the model was adapted accordingly by removing the heat transfer 
equation for the top glass (Eq. (4.3)). As a result, in the final matrix equations of Eqs. 
(4.30) and (4.31), the coefficients of E1,1, E1,2 and Q1 for glass cover are set as zero 
and the top heat loss coefficient 𝑈𝑡,𝑝𝑣 in Eq. (4.30) and 𝑈𝑡,𝑝 in Eq. (4.31) were hereby 
calculated as the sum of the heat transfer coefficients for the long wave radiation heat 
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exchange (PV/absorber plate and sky) and the convection heat exchange between the 
PV plate/absorber plate and ambient air (i.e. ℎ𝑟,𝑝𝑣−𝑠𝑘𝑦 + ℎ𝑤, ℎ𝑟,𝑝−𝑠𝑘𝑦 + ℎ𝑤). Some 
major input parameters for the model are listed in Table 4.3. The thicknesses of the 
absorber plate plate/fin/bottom plate and insulation layer were determined by on-site 
measurement. The values of the emissivity and absorption of the PV plate and absorber 
plate were provided by product manufacturers. It is noted that there is currently no 
standard for testing the performance of the hybrid PVT-SAH systems. However, the 
existing standard IEC 6173 for PV systems and ISO 9806 for solar water heaters can 
be used to perform the experimental works on hybrid PVT-SAH systems. The 
experimental instrumentation and testing method presented in this thesis also provided 
useful information for the researchers who are interested in experimental studies on 
the hybrid PVT-SAH systems.  
 
 
Figure 4.4. The test rig used to validate the dynamic model of PVT-SAH. 
Ultrasonic anemometer 
Chapter 4 
88 
 
 
Figure 4.5. Front view (a) and cross section view (b) of PVT-SAH test rig used for model validation; 
the blue dots represent the temperature measurement points. 
 
Table 4.3. Major component properties of the test rig 
 
4.2.1.2 Instrumentation and methodology 
The measured data was collected with a DT80 data logger. The instrumentation 
specifications and the parameters measured for model validation purpose are 
summarised in Table 4.4. The temperatures at different positions of the test rig are the 
Parameter Value Parameter Value 
Mass per square 
meters 
𝑀𝑝𝑣  =7 kg/m
2
 
𝑀𝑝 =  𝑀𝑓𝑖𝑛  =  𝑀𝑏=7.8 
kg/m2  
 
Heat capacity 𝐶𝑝 = 𝐶𝑓𝑖𝑛 = 𝐶𝑏  = 0.48 kJ/
kg. K (CIBSE, 2006) 
𝐶𝑝𝑣 = 0.75 kJ/kg. K 
Emissivity 𝜀𝑝𝑣 =0.90 
𝜀𝑝 = 𝜀𝑏 =0.7 
Thermal 
conductivity 
𝐾𝑝 = 𝐾𝑓𝑖𝑛 = 45 𝑊/𝑚 ∙ 𝐾 
(CIBSE, 2006) 
𝐾𝑖𝑛𝑠𝑢 = 0.04 𝑊/𝑚 ∙ 𝐾 
(CIBSE, 2006) 
 Absorption 𝛼𝑝𝑣 = 0.9 
𝛼𝑝 =0.75 
Thickness ∆𝑦𝑓𝑖𝑛 =∆𝑦𝑝=∆𝑦𝑏  =0.001m 
∆𝑦𝑖𝑛𝑠𝑢  = 0.01 m 
Chapter 4 
89 
 
most important outputs that were used for the comparison between the model 
predictions and the measurements. An array of 36 Type-T thermocouples were placed 
in 12 positions (see Figure 4.5(a)), with 4 positions across the width and 3 positions 
along the length of the test facility (named as Points 1 to 3 in Figure 4.5(a)). At each 
of the 12 locations, 3 thermocouples measured the temperatures of the absorber/PV 
plate, bottom plate and flowing air (Figure 4.5 (b)). A Pitot tube was employed to 
measure the pressure drop across the length of the test rig in order to derive the 
volumetric air flow rate. The volumetric air flow rate, the inlet air temperature at point 
1 (Figure 4.6) and the dynamic weather conditions (Figure 4.7) are used as inputs to 
predict the component temperatures at different locations of the test rig. A Vaisala 
WMT700 ultrasonic anemometer was used to measure the wind speed and direction. 
The anemometer was mounted on the supporting structure of the PVT-SAH test rig, 
and the mounting point was 2 meters high above the floor (see Fig. 4.4). 
 
Table 4.4. Instrumentation and the parameters measured during the testing 
Instrumentation Measured parameter Accuracy 
Kipp & Zonen CMP6 
Pyranometer 
Global solar radiation on PVT-
SAH plane 
±  5% 
Platinum RTD sensor Ambient temperature ± 0.03-0.12℃ 
Vaisala WMT700 ultrasonic 
anemometer 
Wind speed 
±  0.1 m/s 
Pitot tube  Pressure drop ±  1% 
Type T thermocouples Temperatures at 12 positions ± 1 ℃ 
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Figure 4.6. Variation of volumetric flow rate and inlet air temperature at point 1 during the testing 
period. 
 
Figure 4.7. Measured solar radiation, ambient air temperature and wind speed for the validation 
period. 
4.2.1.3 Validation results for the PVT-SAH system with fins 
Figure 4.8 to Figure 4.10 present the measured and modelled temperatures along the 
length of the PVT-SAH system. A good agreement between measurements and 
simulation results is observed. To quantify their differences, the root-mean-square 
deviation (RMSD) and the normalised relative root mean square deviation (NRMSD) 
are calculated. The RMSD of all measurement points were below 1.3℃, with NRMSD 
of 5.5% (Table 4.5). The RMSD and NRMSD values of all measurement points along 
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the length of the system are shown in Table 4.5. Experimental studies for validating 
dynamic models are generally difficult in practice since in most cases it is not possible 
to measure every variable of the energy balance equations. This has been recognised 
by the recent work undertaken within IEA ECB Annex 58 (Strachan et al., 2015). For 
this reason, the dynamic model of PVT-SAH with fins developed in this study is 
further validated by comparing with reference data from the literature. 
 
Figure 4.8. (a), (b), (c) represent the measured and modelled temperatures of the absorber plate at 
Point 1, PV plate temperatures at Point 2 and Point 3, respectively. 
 
Figure 4.9. (a), (b) represent the measured and modelled flowing air temperatures at Point 2 and Point 
3. 
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Figure 4.10. Measured and modelled temperatures of the bottom plate at Point 1(a), Point 2(b) and 
Point 3(c). 
Table 4.5.  Statistical indicators for average deviations between measured and modelled temperature at different 
positions and for the various components of the PVT-SAH with fins. 
 
It is noted that the experimental measurements for the variations of temperature and 
weather conditions were based on the time interval of 15 minutes and the simulation 
results using this time interval fit well with the testing results. Although there is not an 
existing standard for specifying the time interval used for model validation of PVT-
SAH systems, it is still desired to validate the developed dynamic model using 
different time intervals, particularly smaller time intervals. Therefore, future work is 
Components Measurement point  RMSD NRMSD 
Absorber plate Point 1 1.3℃ 5.5% 
PV plate Point 2 1.2℃ 4.8% 
Point 3 1.2℃ 5.3% 
Flowing air Point 2 0.3℃ 2.1% 
Point 3 0.5℃ 2.9% 
Bottom plate Point 1 0.9℃ 4.6% 
Point 2 0.9℃ 4.5% 
Point 3 1.0℃ 4.7% 
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suggested to further validate the dynamic model using the weather conditions with 
strong variations within shorter time intervals to provide more confidence on the model.  
4.2.2  Validation by comparing with reference data for PVT-SAH with fins 
The dynamic model is further validated by comparing the simulation results with the 
reference data reported by Matrawy (1998). Matrawy (1998) presented a steady state 
model of SAH with fins and for this reason, the dynamic model in this paper is required 
to be re-configured as ‘steady state’ by setting the values of the heat capacity and mass 
per unit area to be negligibly small (0.00001 𝑘𝐽/𝑘𝑔. 𝐾 and 0.00001 kg/m2 were used 
respectively).  
The SAH for this comparison is 6 m long and 1 m wide. The channel depth is 0.025 m 
and it has 10 fins in total. A daily simulation was performed under the mass flow rate 
of 300 kg/hr. The outlet air temperature predicted by the dynamic model of this paper 
is compared with the reference data (Figure 4.11). It is found that the simulation results 
matched well the reference data. The RMSD for the outlet air temperature is 1.15oC 
with NRMSD of 2.27%.  
 
Figure 4.11. Weather data and outlet air temperature from model predictions and reference data. 
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4.3 Dynamic model development of the PVT-SAH system with heat pipes 
A dynamic model of a PVT-SAH system with heat pipes is first developed for 
performance prediction. The PVT-SAH system with heat pipes is discretised into a 
number of small segments as shown in Figure 4.12. Assuming the number of heat pipes 
in the PVT-SAH is N, the glass cover for the PVT module, PV plate, and back sheet 
of the PV plate are discretised into 2N + 1 nodes, while the glass cover for the SAH 
module, lower and upper air channels are discretised into N nodes. 
 
Figure 4.12. Discretisation scheme of the PVT-SAH with heat pipes. 
As the design of PVT-SAH system with heat pipes can be considered the combination 
of a heat-pipe PVT module and a SAH module with fins (see Figure 3.5), the prediction 
model of the whole system can be developed by coupling a model of a stand-alone 
heat-pipe PVT having a single air pass with a model of a SAH with fins. The existing 
heat balance equations for the construction components of the PVT with heat pipes 
that were provided by Gang et al. (2011) were used in this study while the dynamic 
model of the SAH with fins was described in Section 4.1.3.2. The nature of the 
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coupling was to consider the heat exchanges between the upper channel and lower 
channel through the connection layer and to consider the heat and mass transfer from 
the outlet of the PVT with heat pipes to the inlet of the SAH with fins. The inlet air 
temperature of the lower channel (PVT) was set as equal to the ambient air temperature 
and its outlet temperature was assigned to be the inlet air temperature of the upper 
channel (SAH). In addition to the modifications for the coupling of the two models, 
the model of the PVT module (Gang et al., 2011) was modified by developing a new 
energy balance equation for the working fluid that was enclosed in the heat pipe. This 
enabled to consider the characteristics of the working fluid (i.e. thermophysical 
properties and liquid filling ratio) into the model.  
The corresponding modifications for enabling the coupling process were made on the 
bottom plate of the SAH and the flowing air node in the heat-pipe PVT (Gang et al., 
2011) as follows: 
The energy balance equation for the bottom plate of SAH is: 
𝐴𝑏,𝑖 𝐶𝑏 𝑀𝑏  𝜕𝑇𝑏,𝑖 𝜕𝑡⁄  
= 𝐴𝑐𝑠𝐾𝑓𝑖𝑛 (𝑇𝑓𝑖𝑛,𝑖 − 𝑇𝑏,𝑖)  (𝐻𝑓𝑖𝑛 2⁄ )⁄  + 𝐴𝑏,𝑖ℎ𝑟,𝑝−𝑏(𝑇𝑝,𝑖 − 𝑇𝑏,𝑖)
− 𝐴𝑏,𝑖ℎ𝑐,𝑏−𝑓2(𝑇𝑏,𝑖 − 𝑇𝑓2,𝑖) − 𝐴𝑏,𝑖 (𝑇𝑏,𝑖 − 𝑇𝑓1,𝑖)/𝑅𝑏,𝑓1 
(4.32) 
The left-hand side of the equation includes the differential change of the accumulated 
energy stored in the control volume of the bottom plate, and the right-hand side terms 
represent the conduction heat transfer from fins to the bottom plate, radiation heat 
transfer from the absorber plate to the bottom plate, convective heat transfer from the 
flowing air in the upper channel to the bottom plate and the combined heat transfer 
from the bottom plate to the flowing air in the lower channel. The equations of the 
convection heat transfer coefficient ℎ𝑐,𝑏−𝑓2  and radiation heat transfer coefficient 
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ℎ𝑟,𝑝−𝑏 are the same as those used in Section 4.1.3.1. 
The energy balance equation for the flowing air node in the lower channel is as follows: 
𝐶𝑓1  𝜌𝑓1  ∆𝑥 (𝐿𝑆𝐴𝐻 𝐻𝑙𝑜𝑤𝑒𝑟) 𝜕𝑇𝑓1,𝑖 𝜕𝑡⁄ + 𝐶𝑓1  ?̇?𝑓1  ∆𝑥 𝜕𝑇𝑓1,𝑖 𝜕𝑥⁄
= 𝜋𝐷𝑐𝑜,𝑜𝑢𝑡𝐿𝑐𝑜ℎ𝑐,𝑐𝑜−𝑓1(𝑇𝑐𝑜,𝑖 − 𝑇𝑓1,𝑖) + 𝐴𝑏,𝑖(𝑇𝑏,𝑖 − 𝑇𝑓1,𝑖)/𝑅𝑏,𝑓1
+ 𝐴𝑖(𝑇𝑎𝑚𝑏 − 𝑇𝑓1,𝑖)/𝑅𝑓1,𝑎𝑚𝑏 
(4.33) 
The left-hand side terms in Eq. (4.33) represent differential change of the energy 
storage in the control volume for the flowing air node and the temperature gradient 
along the flow direction, while the right-hand side terms are the convection heat 
transfer from the condenser to the flowing air, the convection heat transfer from the 
duct air to the bottom plate of the SAH, and the convection and conduction heat 
transfer from the flowing air in the channel to the surrounding ambient air. The 
convection heat transfer coefficient ℎ𝑐,𝑐𝑜−𝑓1which is used to evaluate the heat transfer 
between the flowing air and the outside surface of the heat pipes is given by: 
ℎ𝑐,𝑐𝑜−𝑓1 = 
𝑁𝑢𝑐𝑜−𝑓1 ∙ 𝐾 ∙ 3.6
𝐷𝑐𝑜,𝑜𝑢𝑡
 
(4.34) 
where 𝑁𝑢𝑐𝑜−𝑓1 is provided in the study (Churchill and Bernstein, 1977). 
𝑁𝑢𝑐𝑜−𝑓1 = 0.3 +
0.62 ∙ 𝑅𝑒1 2⁄ ∙ 𝑃𝑟1 3⁄
[1 + (0.4 𝑃𝑟⁄ )2 3⁄ ]1 4⁄
∙ [1 + (
𝑅𝑒
282000
)5/8]4/5 
(4.35) 
in which the Reynold number (Re) is evaluated by using the outer diameter of the heat 
pipe (𝐷𝑐𝑜,𝑜𝑢𝑡) as the characteristic length. 
One of the modifications made to the source model (Gang et al., 2011) is adding a 
newly developed energy balance equation for the inner working fluid of the heat pipe 
and the equation is expressed as below: 
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𝐶𝑤𝑓 𝑀𝑤𝑓  
𝜕𝑇𝑤𝑓,𝑖
𝜕𝑡
= π 𝐷𝑒𝑣𝑎,𝑖𝑛𝐿𝑒𝑣𝑎ℎ𝑒𝑣𝑎(𝑇𝑒𝑣𝑎,𝑖 − 𝑇𝑤𝑓,𝑖)
+ π 𝐷𝑐𝑜,𝑖𝑛𝐿𝑐𝑜ℎ𝑐𝑜(𝑇𝑤𝑓,𝑖 − 𝑇𝑐𝑜,𝑖) 
(4.36) 
The left-hand side term represents the heat storage rate of the working fluid, while the 
terms on the right-hand side include the heat exchange between the evaporator shell 
and the working fluid, and the condensation heat transfer between the working fluid 
and condenser. The condensation heat transfer coefficient (ℎ𝑐𝑜) and evaporation heat 
transfer coefficient (ℎ𝑒𝑣𝑎) can be found in the study by Hussein et al. (1999). 
The energy balance at the evaporator’s finite volume is given by Eq. (4.37): 
𝐶𝑒𝑣𝑎 𝑀𝑒𝑣𝑎
𝜕𝑇𝑒𝑣𝑎,𝑖
𝜕𝑡
= π 𝐷𝑒𝑣𝑎,𝑖𝑛𝐿𝑒𝑣𝑎ℎ𝑒𝑣𝑎(𝑇𝑤𝑓,𝑖− 𝑇𝑒𝑣𝑎,𝑖) + (𝑇𝑏𝑠,𝑖 − 𝑇𝑒𝑣𝑎,𝑖)/𝑅𝑏𝑠,𝑒𝑣𝑎 
(4.37) 
The right-hand side terms include the heat convection flux between the inside surface 
of the evaporator and the working fluid, and the conduction flux between the back 
plate and the outside surface of the evaporator.  
Eq. (4.38) is used for the energy balance in the condenser: 
𝐶𝑐𝑜 𝑀𝑐𝑜
𝜕𝑇𝑐𝑜,𝑖
𝜕𝑡
= π 𝐷𝑐𝑜,𝑖𝑛𝐿𝑐𝑜ℎ𝑐𝑜(𝑇𝑤𝑓,𝑖− 𝑇𝑐𝑜,𝑖)
+ π 𝐷𝑐𝑜,𝑜𝑢𝑡𝐿𝑐𝑜ℎ𝑓1(𝑇𝑓1,𝑖 − 𝑇𝑐𝑜,𝑖) 
(4.38) 
The right-hand side includes the absorbed heat by the condenser through the 
condensation process of the gas working fluid and the convection heat exchange 
between the duct air in the lower channel and the condenser’s surface. 
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4.4 Model validation for the PVT-SAH system with heat pipes 
4.4.1 Validation methodology 
An experimental facility that is of the same design configuration with the heat pipe 
integrated PVT-SAH system was not available in this study and the same system has 
not been previously reported in the literature. For this reason, the PVT-SAH system 
that uses heat pipes was decomposed into two stand-alone parts as shown in Figure 
4.13 (a) and (b) for separate validation and the coupling between the two stand-alone 
parts was also verified with an analytical method. To validate the modelling of the 
components that comprise each part, the energy balance equations were modified to 
exclude the components describing heat exchanges with the other part.  
 
Figure 4.13.The schematics of (a)first stand-alone part, (b)second stand-alone part and (c) reference 
SAH in Ho et al. (2005). 
The validation process comprises of three steps. In the first step, the first stand-alone 
part was validated with the experimental data of a heat-pipe type PVT that was 
published in the literature (Gang et al., 2011). The time-varying weather conditions, 
outer surface temperature of the condenser and the design parameters (Table 4.6) 
reported in Gang et al. (2011) were used as the inputs of the first stand-alone model 
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part. The transient temperature of the various construction components predicted were 
then compared with the published experimental data. 
Table 4.6. The values of the design parameters of the first stand-alone part used for model validation. 
Design parameter Value 
Length (mm) 962 
Width (mm) 1,260 
Thickness of back sheet (mm) 1.16 
Number of heat pipe (mm) 9 
Distance between adjacent heat pipes (mm) 140 
Dimensions of the evaporator (mm) φ8 × 0.7 × 1000 
Dimensions of the condenser φ24 × 1 × 120 
Air gap thickness between glass cover and PV panel (mm) 40 
Thickness of the insulation behind back plate (mm) 50 
Reference PV efficiency (%) 15.5 
 
In the second step, the experimental data of a double pass SAH presented by Ho et al. 
(2005) was employed to validate the model of the second stand-alone part. The double-
pass SAH by Ho et al. (2005) in Figure 4.13 (c) had the same geometrical structure 
with the second stand-alone part in this section with the exception of the following: 1) 
the reference SAH had no longitudinal fins in the upper channel; 2) The upper channel 
of the reference system (Figure 4.13 (c)) was formed by a glass cover and an absorber 
plate while the upper channel second stand-alone part (Figure 4.13 (b)) was composed 
of an absorber plate and a bottom plate.  
To make the necessary modifications and account for these differences, the following 
actions were taken: 1) the number of fins (a design parameter of the model in this study) 
was set to zero and; 2) the optical and thermophysical properties of the absorber plate 
and bottom plate of the second stand-alone part (solar transmissivity, absorptivity, and 
emissivity in Table 4.7) were set to be the same as those of the glass cover and absorber 
plate of the reference SAH in Ho et al. (2005). In addition, the model of the second 
stand-alone part was adjusted to take into account the impact of the recycling ratio as 
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studied in the reference literature (Ho et al., 2005). The recycling ratio was defined as 
the fraction of leaving air that was further recycled from the outlet to the inlet of the 
SAH.  
Table 4.7. The major design parameters used to validate the second separated part of the PVT-SAH system. 
Parameter Value Parameter Value 
Solar absorptivity of absorber 
plate 
0.01 
Solar absorptivity of bottom 
plate 
0.96 
Solar transmissivity of absorber 
plate 
0.875 
Solar emissivity of bottom 
plate 
0.8 
Solar emissivity of absorber 
plate 
0.94   
 
In the third step, the coupling of the two stand-alone parts was confirmed with an 
analytical method by using constant boundary conditions (i.e. solar radiation 
1000 W/𝑚2 , ambient temperature 25 ℃  and wind speed 3 m/s). Firstly, the 
temperatures of the construction components and the flowing air of the heat pipe 
integrated PVT-SAH system were calculated. Secondly, as the flowing air in the lower 
channel is the point where the two stand-alone parts are coupled, the obtained flowing 
air temperature in the lower channel from the coupled model as well as the constant 
weather conditions were assigned to the models of two stand-alone parts as the 
boundary conditions respectively. Finally, the temperature of the construction 
components obtained from the stand-alone parts were then compared with the results 
from the coupled model.  
4.4.2 Results from the model validation of the first stand-alone part  
Figure 4.14 compares the simulated temperatures of the PV plate (𝑇𝑝𝑣), back sheet of 
PV plate (𝑇𝑏𝑠) and the evaporator (𝑇𝑒𝑣𝑎) with the measured temperatures from Gang 
et al. (2011). The differences between the modelling and experimental data were 
evaluated by the indicators of the root-mean-square deviation (RMSD) and normalised 
relative root mean square deviation (NRMSD) as shown in Table 4.8. The values of 
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RMSD for all construction components were less than 1℃ and the NRMSD was below 
2%, which indicated a good match of the first stand-alone part model with the 
reference data. 
 
Figure 4.14. Comparisons of the temperature of (a) PV plate, (b) back-sheet and (c) evaporator 
between the experimental data from Gang et al. (2011) and the simulation data. 
Table 4.8. Relative differences between experimental and modelling results for the first stand-alone part of the 
PVT-SAH with heat pipes. 
Indicators PV plate Back sheet plate Evaporator 
RMSD  0.81℃ 0.90℃ 0.82℃ 
NRMSD 1.65% 1.91% 1.72% 
 
(a) 
(b) 
(c) 
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4.4.3 Results from the model validation of the second stand-alone part  
Figure 4.15 shows the thermal efficiency predicted by the second stand-alone part 
model, which agreed well with the published data from Ho et al. (2005). The RMSD 
and NRMSD of the thermal efficiency were 0.017 and 3.5% respectively for the mass 
flow rate of 38.52 𝑘𝑔/ℎ𝑟, and 0.028 and 5% respectively for the mass flow rate of 
77.04 𝑘𝑔/ℎ𝑟 .  
 
Figure 4.15. Comparison of the thermal efficiency of the second stand-alone part (double pass solar 
air heater) between the generated modelling results and experimental data reported in the literature. 
4.4.4 Results from the analytical verification of the coupling between the two stand-
alone parts  
In Figure 4.16 (a), the temperatures of the construction components (PV plate (𝑇𝑝𝑣), 
evaporator (𝑇𝑒𝑣𝑒) and condenser (𝑇𝑐𝑜)) and the heat pipe working fluid (𝑇𝑤𝑓) that were 
predicted by the first stand-alone part model matched exactly the temperature curves 
predicted by the coupled model. Similarly, the second stand-alone part model and the 
coupled model showed no differences in their predictions for the component 
temperatures, as seen for example in Figure 4.16 (b) for glass cover of the SAH module 
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(𝑇𝑔2), flowing air in upper channel (𝑇𝑓2) and lower channel (𝑇𝑓1), absorber plate (𝑇𝑝) 
and bottom plate (𝑇𝑏). These results demonstrated the correct coupling between the 
models of the two stand-alone parts.  
 
Figure 4.16. Comparisons of the predicted node temperatures (a) between coupled heat pipe PVT-
SAH model and the first stand-alone part model; (b) between coupled heat pipe PVT-SAH model and 
the second stand-alone part model. 
(a) 
(b) 
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4.5 Analysis of the dynamic characteristics of the hybrid PVT-SAH systems 
Employing the dynamic model of the PVT-SAH with fins, the dynamic nature of PVT-
SAH systems is demonstrated through two simulation cases under dynamic working 
conditions (i.e. change of solar radiation and mass flow rate). A simulation study is 
also conducted to compare the difference between the dynamic model and its 
equivalent steady state model.  
The major design parameters used for the simulations of the hybrid PVT-SAH with 
fins are summarised in Table 4.9. 
Table 4.9. Major input design parameters of integrated PVT-SAH for simulation study 
Parameter Value Parameter Value 
Length of PVT 3 m Number of fins 19 
Length of SAH 3 m Fin height  
0.025 m 
Width of collector 1 m Spacing between glass and 
absorber 0.025 m 
Insulation thickness 0.05 m Number of control volume 24 
Thermal conductivity 
(kJ/hr ∙ m ∙ K) 
𝐾𝑖𝑛𝑠𝑢 = 0.144; 𝐾𝑝 =
𝐾𝑓𝑖𝑛 = 162 ;   
Emissivity 𝜀𝑝𝑣 = 𝜀𝑝 = 𝜀𝑏  = 0.9; 
𝜀𝑔 = 0.88; 
Absorptance 𝛼𝑝𝑣 = 0.85; 𝛼𝑝 = 0.9; 𝛼𝑔 
= 0.01 
Mass per square meters 
(kg m2⁄ ) 
𝑀𝑔 = 5.4;  𝑀𝑝𝑣 = 7; 
𝑀𝑝  = 𝑀𝑓𝑖𝑛  = 𝑀𝑏 = 
5.4 
Specific heat capacity 
(kJ/kg. K) 
𝐶𝑝 = 𝐶𝑓𝑖𝑛 = 𝐶𝑏= 0.48; 𝐶𝑔 
= 0.79; 𝐶𝑝𝑣 = 0.75 
  
 
4.5.1 Dynamic response to changes of solar radiation intensity 
The first case shows the effect of changing the incident solar radiation from 1000 to 
200 𝑊 𝑚2  ⁄ while keeping other relevant operational conditions as constants (𝑀?̇? =
1000 𝑘𝑔/ℎ𝑟, 𝑇𝑎𝑚𝑏 = 25 ℃, 𝑉𝑤 = 3.4 𝑚/𝑠) on the transient behaviour of the hybrid 
PVT-SAH system. The resulted Time Constants (TC) of all components varied from 
30 to 40 mins (Figure 4.17 (a)). Figure 4.17 (b) shows that although the thermal energy 
transferred to the flowing air started to gradually decrease, the thermal inertia 
maintained the thermal efficiency for a period of time at levels higher than the 
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efficiency noted before the reduction of the solar radiation levels. It is also noted that 
there is a rapid increase of thermal efficiency to 225% within the first 5 mins after the 
variation of solar radiation mostly because the absorber plate maintained high 
temperatures for a period of time after solar radiation changes (i.e. it still delivers high 
levels of heat to the flowing air) while the solar radiation used to calculate the thermal 
efficiency has a low value. In contrast to the gradual decrease of thermal efficiency, 
the electrical efficiency of PV plate gradual increased with a lower level of radiation. 
 
Figure 4.17. Dynamic response of PVT-SAH system with fins to sudden changes of solar radiation 
from 1000 W/m
2
 to 200 W/m
2
 
(a) 
(b) 
Chapter 4 
106 
 
4.5.2 Dynamic response to change of mass flow rate 
In this case, the mass flow rate is subject to a sudden change from 200 to 500 𝑘𝑔 ℎ𝑟⁄  
at simulation time point of 15 mins while keeping the other operational conditions 
constant (𝐼𝑡 = 1000 𝑊/𝑚
2, 𝑇𝑎𝑚𝑏 = 25℃, 𝑉𝑤 = 3.4 𝑚/𝑠). After the change of mass 
flow rate, the temperatures of all components show a gradual decrease moving to a 
new thermal equilibrium status (Figure 4.18 (a)). The Time Constants (TC) of the 
absorber plate, fins and bottom plate are in the order of around 25 mins and the TC for 
the PV plate, outlet air and glass cover are approximately 15 mins, 20 mins and 30 
mins, respectively. It can be seen from Figure 4.18 (b) that a significant increase of 
collected thermal energy occurred 5 mins after the sudden change of mass flow rate. 
The reason for the increase in thermal energy is due to the enhanced convective heat 
exchange in the air channels. The electricity gains curve illustrated a gradual rise due 
to the reduction of the PV plate temperature. 
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Figure 4.18. Dynamic response of PVT-SAH system to a sudden change of mass flow rate from 200 
to 500 kg/hr. 
4.5.3 Performance comparison between dynamic model and steady state model 
To further elaborate the difference between using a dynamic model for PVT-SAH and 
an equivalent steady state model, a steady state model of the PVT-SAH with fins is 
developed by neglecting the heat capacitance terms on the left side of the energy 
balance equations of the existing dynamic model. An example for the “Top glass” node 
is shown in Eq. (4.39). 
0 =  𝜕𝑔 𝐼𝑡 𝐴 + ℎ𝑛𝑐 𝐴 (𝑇𝑝𝑣 − 𝑇𝑔) + ℎ𝑟,𝑝𝑣−𝑔𝐴 (𝑇𝑝𝑣 − 𝑇𝑔) + ℎ𝑤 𝐴  (𝑇𝑎𝑚𝑏 − 𝑇𝑔)
+ ℎ𝑟,𝑔−𝑠𝑘𝑦𝐴 (𝑇𝑠𝑘𝑦 − 𝑇𝑔) 
(4.39) 
(a) 
(b) 
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The solution procedures for the steady-state model are much simpler than those of the 
dynamic model as no iterative process over time is required and they are not 
demonstrated here. 
The simulations were performed under constant incident solar radiation of 1000 W/m2 
and constant boundary conditions. All construction components were assigned an 
initial temperature of 25oC. Figure 4.19 shows the change of local duct air temperature 
in all control volumes at different time steps. It is observed that there is 1.5 hours’ 
delay before the local duct air temperature in all control volumes converged to the 
steady state. As the dynamic model is discretised and solved along space and time, 
Figure 4.20 (a) displays the continuous change of local duct air temperature over time 
and over the length of the system. Meanwhile, the equivalent temperature distribution 
profile from the steady state model is represented in Figure 4.20 (b) for comparison 
purposes. The accumulated thermal energy outputs for both dynamic model and steady 
state model are obtained by integrating thermal gains over time. The steady state model 
predicted 15.2 MJ of thermal gains during the first 80 mins of the simulation while the 
dynamic model predicted 11.2 MJ, which corresponds to a 35% overestimation by the 
steady state model. 
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Figure 4.19. Local duct air temperature in each control volume at different time steps 
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Figure 4.20. Local duct air temperature over length and time as predicted by (a) the dynamic model, 
and (b) steady state model 
The stability and accuracy of the dynamic model is further investigated with the 
variation of time step and space step. The average component temperatures, outlet air 
temperature of the last control volume together with thermal and electrical efficiency 
simulated under changing space step and time step are listed in Table 4.10 and Table 
4.11 for comparison purposes. It is found that the variation of results is controlled in 
small range, and the maximum relative errors caused by varying space step and time 
step are both less than 2%. When the space step and time step are less than specific 
(a) 
(b) 
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values, the prediction results are observed to converge to be identical. The above 
results confirm again the strong accuracy and stability of the present dynamic model. 
Table 4.10. Comparison of mean component temperature and efficiency by varying space step 
Parameters 
 
Space step（length of control volume） Max 
relative 
error (%) 3m 1.5m 0.6m 0.3m 0.15m 
𝑇𝑔 35.08 35.26 35.31 35.31 35.31 0.66 
𝑇𝑝𝑣 54.31 54.84 54.98 55 55.01 1.29 
𝑇𝑝 65.86 66.26 66.38 66.39 66.4 0.82 
𝑇𝑓𝑖𝑛  65.41 65.82 65.93 65.95 65.95 0.83 
𝑇𝑏  65.1 65.51 65.62 65.64 65.64 0.83 
𝑇𝑓,𝑜𝑢𝑡 77.22 76.92 76.83 76.82 76.81 0.83 
𝜂𝑒𝑙𝑒  0.0842 0.084 0.0839 0.0839 0.0839 0.36 
𝜂𝑡ℎ 0.486 0.483 0.482 0.482 0.482 0.78 
 
Table 4.11. Comparison of mean component temperature and efficiency by varying time step 
 
4.6 Effect of changing fin number and fin height on the performance of PVT-
SAH with fins 
This section investigates the influence of changing fin number (0 to 30) and fin height 
(0.01 to 0.1 m) on the hybrid system based on the mass flow rate of 300 𝑘𝑔 ℎ𝑟⁄ . The 
thermal, electrical efficiency and the pressure drop versus fin height for different fin 
number is presented in Figure 4.21. As in Figure 4.21 (a) and (b), both thermal and 
Parameters 
 
Time step Max 
relative 
error (%) 
0.25 hr 0.15 hr 0.1 hr 0.05 hr 0.01 hr 
𝑇𝑔 35.11 35.27 35.31 35.39 35.4 0.83 
𝑇𝑝𝑣 55.22 55.14 55.01 55.13 55.13 0.16 
𝑇𝑝 65.44 66.49 66.4 66.63 66.64 0.30 
𝑇𝑓𝑖𝑛  65.45 65.71 65.95 66.1 66.11 1.01 
𝑇𝑏  64.9 65.33 65.64 65.81 65.82 1.42 
𝑇𝑓,𝑜𝑢𝑡 76.13 76.56 76.81 77.12 77.13 1.31 
𝜂𝑒𝑙𝑒  0.0838 0.084 0.0839 0.0839 0.0839 0.12 
𝜂𝑡ℎ 0.475 0.481 0.482 0.485 0.485 1.98 
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electrical efficiency will be improved by greater number of fins and smaller fin height. 
This is due to larger heat transfer areas by increasing number of fins and enhanced 
convective heat transfer in air channel by smaller fin height (which is equal to channel 
depth).  
The pressure drop through the system is also presented in Figure 4.21 (b). It can be 
seen that the change of pressure drop is more sensitive to fin height than it is to the 
number of fins, and that the pressure drop is extremely large when the fin height is less 
than 0.02 m. The optimum selection of fin height will be in the range of 0.02 to 0.04 
m which corresponds to small pressure drop and comparatively high thermal and 
electrical efficiency. Based on the selected fin height range (0.02 to 0.04 m), the rate 
of increase of the thermal and electrical efficiencies tends to decrease with the increase 
of fin number. This means that when the fin number is beyond a certain number, the 
energy benefits will be less significant while the fin manufacture and installation costs 
will be higher. Therefore, the design of fin number is an optimisation problem that 
should take both performance and local manufacture cost into consideration. 
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Figure 4.21. PVT-SAH thermal efficiency, electrical efficiency and pressure drop versus fin height for 
varying fin number. 
4.7 Effect of PV covering factor on the performance of the PVT-SAH with fins 
This section will demonstrate the application of the dynamic model of PVT-SAH to 
investigate the influence of the percentage areas of PVT on the thermal and electrical 
gains of the whole hybrid system. The term “PV covering factor (ζ)” is introduced in 
the present study to define the ratio of PVT area to the total PVT-SAH area. Five 
discrete values of the PV covering factor ζ of 0, 0.25, 0.5, 0.75 and 1.0 were chosen to 
conduct comparative performance simulations. Spectrally selective coating materials 
(emissivity 𝜀=0.05) were applied on the absorber plate of SAH to reduce the long 
wave radiation heat loss. The combined thermal and electrical efficiency 𝜂𝑜 (Garg et 
(a) 
(b) 
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al., 1990) is employed as an indicator to evaluate the performance of PVT-SAH system 
as shown below: 
𝜂𝑜 = 𝜂𝑡ℎ + ζ 𝜂𝑒𝑙𝑒 (4.40) 
As electricity is considered to be high-grade energy, the primary energy saving 
efficiency (𝐸𝑓) proposed by Huang et al. (2001) can also be used as a performance 
indicator for PVT-SAH systems. The calculation of primary energy saving efficiency 
considers the equivalent amount of the thermal energy that a conventional power plant 
consumes to produce the specific amount of electricity and the equation for calculating 
it can be written as: 
𝐸𝑓 = 𝜂𝑡ℎ + ζ 𝜂𝑒𝑙𝑒/𝜂𝑝𝑜𝑤𝑒𝑟 (4.41) 
where  𝜂𝑝𝑜𝑤𝑒𝑟 is the average electric-power generation efficiency for a conventional 
power plant in Australia and 0.35 is used in this study (Graus and Worrell, 2006). The 
thermal and electrical efficiencies expressed in Eqs. 4.40-4.41 are defined in a similar 
way in Europe to those by Directive 2009/125/EC of the European Parliament and of 
the Council of 21 October 2000, which established a framework for setting the eco-
design requirements for energy-related products.  
The daily variation of four operation parameters: outlet air temperature; average PV 
plate temperature; instantaneous thermal energy gains and electrical efficiency with 
different PV covering factors are presented in Figure 4.22 and Figure 4.23.  
As expected, the outlet air temperature is decreased as the covering factor ζ increased 
(Figure 4.22 (a)) because the PVT is less efficient than the SAH when transferring heat 
to the flowing air. On the contrary, the average PV module temperature increased for 
higher PV cell covering factors (Figure 4.23 (a)).  
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Figure 4.22. Instantaneous (a) outlet air temperature and (b) thermal gains with the variation of PV 
covering factor 
 
Figure 4.23. Instantaneous (a) mean PV temperature and (b) electrical efficiency with the variation of 
PV covering factor. 
Table 4.12 summarises the useful thermal and electricity gains and the results for the 
two different performance criteria (𝜂𝑜 𝑎𝑛𝑑 𝐸𝑓). It is found that the electrical efficiency 
decreased with increasing covering factor, and this efficiency reduction reached up to 
5.8% when the covering factor increased from 0.25 to 1. When using the combined 
efficiency criterion (𝜂𝑜), the best performance was achieved by the hybrid PVT-SAH 
system with a PV covering factor of 0.25, followed by the system using only a SAH. 
The analysis showed that the equal area ratio between the PVT and SAH (covering 
factor ζ=0.5) resulted into the highest primary-energy saving efficiency (𝐸𝑓) of 70.6%.  
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Table 4.12. Daily simulation results of thermal and electrical performance with different PV covering factors 
PV 
Covering 
factor 
Daily 
incident 
solar 
radiation 
(MJ/day) 
Thermal 
gains 
(MJ/day) 
Electricity 
gains 
(MJ/day) 
Efficiency (%) 
𝜂𝑡ℎ 𝜂𝑒𝑙𝑒  𝜂𝑜 𝐸𝑓 
ζ= 0 157 100.4 0 63.
8 
0 63.8 63.8 
ζ=0.25 157 97.5 3.6 62.
0 
9.1 64.3 68.5 
ζ=0.5 157 92.1 6.6 58.
6 
8.4 62.8 70.6 
ζ=0.75 157 82.5 9.8 52.
5 
8.2 58.7 70.1 
ζ= 1 157 70.6 12. 8 45.
5 
8.1 53.6 65.2 
 
4.8 Temperature distribution at the PV panels of PVT-SAH with heat pipes and 
PVT-SAH with fins 
A separate case study was performed to compare the temperature distribution across 
the PV panels and the cooling effect on the PV plate between the PVT-SAH with heat 
pipes and PVT-SAH with fins. The specifications of some key parameters of the PVT-
SAH with heat pipes and the PVT-SAH with fins are listed in Table 4.13. Typical-daily 
weather conditions of September (which has the highest solar radiation and ambient 
temperature amongst all months) in Darwin, Australia were employed as an example 
to perform the daytime simulation (Figure 4.24).  
Table 4.13. Design specifications of some key parameters of the heat pipe PVT-SAH and the PVT-SAH with 
fins. 
PVT-SAH with heat pipes PVT-SAH with fins 
Design parameter Value Design Parameters Value 
Length of PVT-SAH 4 m Length of PVT-SAH 4 m 
Length of PV 4 m Length of PV (𝐿𝑃𝑉𝑇) 4 m 
Width of PV (𝑊𝑃𝑉) 1 m Width of PV 1 m 
Height of lower air channel (𝐻𝑙𝑜𝑤𝑒𝑟) 0.08 m Air channel depth (𝐻𝑐ℎ𝑎𝑛𝑛𝑒𝑙) 0.08 m 
Width of the lower Air channel (𝑊𝑆𝐴𝐻) 1 m Width of PVT-SAH (𝑊𝑃𝑉𝑇) 1 m 
Number of heat pipes (𝑁ℎ𝑝) 70 Number of fins (𝑁𝑓𝑖𝑛) 50 
Length of heat pipes 2 m   
Diameter of the heat pipes (𝐷ℎ𝑝) 0.03 m   
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Figure 4.24. Daily weather conditions used for simulations. 
From Figure 4.25 (a) and (c), it can be seen that the temperatures of the PV panel for 
both systems increased as expected along the air flow direction. However, a smaller 
temperature variation along the length (air flow direction) of the PV panel was 
observed for the PVT-SAH system with heat pipes. The maximum temperature 
variation was 9.4oC for the PVT-SAH system with heat pipes when the incident solar 
radiation was at its peak while the same variation for PVT-SAH with fins was 21oC. 
The improved temperature homogeneity of the PV panel indicated that the heat pipes 
can deliver more efficient temperature control and cooling effects to the PV panels.  
The higher heat transfer efficiency of the heat pipes also led to a higher increase of the 
temperature of the outlet air from the lower channel of the heat pipe PVT-SAH (Figure 
4.25 (b)) than the PVT-SAH with fins (Figure 4.25 (d)). The selection of an appropriate 
type of working fluid, the liquid filling ratio of the heat pipes as well as the pitch 
distance have the potential to further improve the cooling effect of the system, but this 
was beyond the scope of the analysis undertaken in this study. 
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Figure 4.25. Temperature distribution of the PV panel and flowing air along the system length over 
time. 
Using the above PVT-SAH system and weather conditions, a case study was 
conducted to investigate the sensitivity of the thermal and electrical performance of 
the PVT-SAH to the filling ratio of the working fluid in the heat pipes. The results of 
daily thermal and electrical efficiencies of the PVT-SAH for varying filling ratio of 
the working fluid in the heat pipes were presented in Figure 4.26. It was shown that 
the effect of filling ratio on the thermal and electrical performance of the PVT-SAH 
were negligibly small when the filling ratio was greater than 0,3. The smaller filling 
ratio (such as 0.1 and 0.2) resulted in a significant drop of the thermal and electrical 
performance of the PVT-SAH system and this was due to heat transfer deterioration 
caused by the drying out of the working liquid. Thus the heat pipes with larger filling 
ratios are preferred in practice to avoid the heat transfer deterioration. 
Chapter 4 
119 
 
 
Figure 4.26. Influence of the filling ratio on the thermal and electrical performance of the PVT-SAH 
with heat pipes. 
4.9 Summary 
Dynamic models were developed for a hybrid PVT-SAH system with fins and for a 
hybrid PVT-SAH system with heat pipes in order to enable system performance 
evaluations and design optimisations under realistic operational conditions. The finite 
volume technique was employed using the Crank-Nicolson scheme to develop the 
energy balance equations for all system components and for the air flowing through 
the channels of the two proposed PVT-SAH systems. For both hybrid systems, the 
dynamic model was validated with experimental data collected under real operational 
conditions or by comparing with reference data from the literature. Acceptable 
agreements between the modelling results and the measurements or the published 
results from the literature were observed. It was found that the use of a dynamic model 
could be important because the system could have significant Time Constants if the 
boundary conditions change in a dynamic manner. In addition, it was demonstrated 
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that a steady state model could result in considerable prediction differences than those 
obtained from the dynamic model under dynamic working conditions.  
The dynamic models for the two systems are not computationally demanding and 
could therefore be applicable for fast online applications. In addition, the present 
models allow for flexible inputs of design parameters and operational conditions, so 
that the performance of PVT-SAH with a variety of design scenarios can be evaluated 
and compared for determining an optimum design. The case studies in Sections 4.6 
and 4.7 demonstrated how the present dynamic models could be applied to determine 
the design parameters of PVT-SAH systems. 
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Chapter 5: A multi-objective design optimisation strategy for hybrid 
photovoltaic thermal collector (PVT) - solar air heater (SAH) 
systems  
In Chapter 4, dynamic thermal models of the proposed high-temperature PVT-SAH 
systems have been developed to enable the reliable and accurate prediction of the 
thermal and electrical outputs of the systems under different design and dynamic 
climate scenarios. However, it is a challenging task to systematically optimise the 
design of the proposed PVT-SAH systems, due to the complexity of their designs and 
the lack of guidelines for optimal designs of such systems. It is therefore desirable to 
develop an optimal design methodology to simultaneously maximise the conflicting 
outputs of the useful thermal energy generation and net electricity gains. This chapter 
presents the development and validation of a multi-objective optimisation strategy for 
the proposed PVT-SAH systems. The PVT-SAH with fins is used as an example to 
demonstrate the development of a multi-objective design optimisation strategy which 
is also applicable to PVT-SAH with heat pipes. Case studies for the optimisation of 
PVT-SAH with fins and PVT-SAH with heat pipes are performed under the design 
climate conditions of Darwin, Australia to demonstrate the effectiveness of the 
proposed optimisation strategy.  
This chapter is organised as follows: Section 5.1 outlines the formulation of the 
proposed multi-objective design optimisation strategy which includes a sensitivity 
analysis, the definition of objective functions, the optimisation constraints and a 
decision-making method. Section 5.2 presents a case study to investigate the optimal 
designs of the PVT-SAH with fins and validates the effectiveness of the proposed 
optimisation strategy. An uncertainty study was conducted to investigate the 
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uncertainty in the performance of the optimal design of PVT-SAH with fins under a 
wide range of climate conditions and roof scenarios in Section 5.3. In Section 5.4, a 
case study is conducted to demonstrate the application of the proposed optimisation 
strategy in optimising the energy performance of the PVT-SAH with heat pipes. 
Section 5.5 summarises the main findings of this study. 
5.1 Development of the multi-objective design optimisation strategy  
In this section, the PVT-SAH with fins was used to demonstrate the development 
process of the multi-objective design optimisation strategy. 
5.1.1 Outline of the multi-objective design optimisation strategy 
The outline of the proposed multi-objective design optimisation strategy for the high-
temperature PVT-SAH systems is illustrated in Figure 5.1 which mainly consists of 
three main steps. In the first step, a sensitivity analysis using Taguchi method with 
ANOVA analysis is performed to identify the significant design parameters of the 
PVT-SAH system. The second step involves the formulation of a multi-objective 
optimisation problem on the basis of the significant design parameters that are 
identified from the first step and their constraints, the objective functions and the multi-
objective genetic algorithm optimisation technique (Deb et al., 2000). In the third step, 
a decision-making process is performed to select the optimal design of PVT-SAH 
system from a set of Pareto Fronts.  
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Figure 5.1. Multi-objective design optimisation strategy for the PVT-SAH systems. 
5.1.2 Sensitivity analysis 
The purpose of the sensitivity study was to develop a good understanding of the 
relationship between the candidate design parameters and the objective functions. In 
this study, the Taguchi method and ANOVA analysis (Roy, 2010) was used for this 
purpose and the workflow of implementing them is presented in Figure 5.2. 
Chapter 5 
124 
 
 
Figure 5.2. Workflow of implementing the Taguchi method with ANOVA analysis 
Taguchi method (Roy, 2010; Taguchi and Yokoyama, 1993) was used to organise a 
matrix of simulation trials using an orthogonal array, with each trial representing a 
different combination of values of the candidate design parameters. The resultant data 
from a set of simulations were then analysed by ANOVA to investigate the effect of 
each parameter on the objective functions. Twelve design parameters with two levels 
were considered for the PVT-SAH with fins as shown in Table 5.1. More 
specifications of the design parameters as well as of the objective functions are given 
in Section 5.1.3. In addition to the influence of the individual PVT-SAH design 
parameters on the performance of the PVT-SAH, the interactions between some of 
these parameters were also considered during the sensitivity analysis. In this study, the 
interactions that were considered through preliminary simulation exercises were those 
between: i) the thermal emissivity of the absorber plate and the PV covering factor; ii) 
the number of fins and the channel depth, and; iii) the mass flow rate and the channel 
depth. The standard orthogonal array (L16) was selected to accommodate the design of 
the simulation matrix with fifteen design parameters (including the interaction 
parameters) and two levels. The triangular table and linear graph (Roy, 2010) was used 
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to facilitate to lay out the simulation trials and design parameters in the orthogonal 
array when the interactions between parameters were considered. Table 5.2 shows the 
simulation planning of the orthogonal array with the design parameters and 
interactions that were assigned to different columns. Each row of the matrix stands for 
a combination of the parameter levels for an individual trial. 
Table 5.1. Levels of the design parameters used in the simulations 
Design parameters Levels Units 
1 (lower) 2 (upper) 
A: Materials Aluminum Steel - 
B: Channel depth 0.01 0.08 m 
C: Fin number 1 50 - 
D: Absorber thickness 0.0005 0.002 m 
E: Air gap  0.01 0.08 m 
F: PV covering factor 0.5 1 - 
G: Mass flow rate 5 30 𝑘𝑔/𝑚2 ∙ ℎ𝑟 
H: Thickness of back 
insulation 
0 0.1 𝑚 
I: PV reference efficiency 0.1 0.18 - 
J: Thickness of fin 0.0005 0.002 m 
K: Thickness of glass 
cover 
0.001 0.005 m 
L: Thermal emissivity of 
absorber plate 
0.05 0.98  
 
Table 5.2. Layout of the design parameters and interactions in the orthogonal array (L16) 
Trial 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
No. B C (B*C) H (B*H) D (F*L) F E G  A I J K L 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
2 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 
3 1 1 1 2 2 2 2 1 1 1 1 2 2 2 2 
4 1 1 1 2 2 2 2 2 2 2 2 1 1 1 1 
5 1 2 2 1 1 2 2 1 1 2 2 1 1 2 2 
6 1 2 2 1 1 2 2 2 2 1 1 2 2 1 1 
7 1 2 2 2 2 1 1 1 1 2 2 2 2 1 1 
8 1 2 2 2 2 1 1 2 2 1 1 1 1 2 2 
9 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 
10 2 1 2 1 2 1 2 2 1 2 1 2 1 2 1 
11 2 1 2 2 1 2 1 1 2 1 2 2 1 2 1 
12 2 1 2 2 1 2 1 2 1 2 1 1 2 1 2 
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13 2 2 1 1 2 2 1 1 2 2 1 1 2 2 1 
14 2 2 1 1 2 2 1 2 1 1 2 2 1 1 2 
15 2 2 1 2 1 1 2 1 2 2 1 2 1 1 2 
16 2 2 1 2 1 1 2 2 1 1 2 1 2 2 1 
 
 Based on the resultant data of thermal and electrical performances from the set of 
simulation exercises, the significance of the design parameters and the interactions 
were quantified by applying the approach of the analysis of variance (ANOVA) with 
the confidence level of 95%. The basic statistical parameters that were used in the 
ANOVA analysis are: degree of freedom, sum of squares of parameters, pure sum of 
squares, variance of parameters, F-ratio of parameters and percentage contribution of 
parameters. The definitions of these terms were detailed in the literature (Roy, 2010). 
After all the statistical parameters for the ANOVA analysis were calculated, the 
calculated F-value of a design parameter or of their interaction terms is compared with 
a critical value which was obtained by referring to a standard F table (Roy, 2010) for 
a given confidence level of 95%. If the computed F-value of a parameter is greater 
than the critical value, the parameter is considered statistically significant. 
5.1.3 Development and formulation of the optimisation problem 
5.1.3.1 Objective functions 
Two different objective functions were employed to facilitate the sensitivity analysis 
and formulate the design optimisation strategy, including the useful thermal energy 
and the net electricity gains. The useful thermal energy is defined as the amount of the 
energy with the temperature greater than 60oC which can be used to effectively 
regenerate a desiccant wheel. The focus of the present chapter is the optimisation of a 
standalone PVT-SAH system and the other components that may be involved in a solar 
assisted desiccant cooling system (e.g. a desiccant wheel) were not considered. In the 
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case where an auxiliary heater is connected with the PVT-SAH as the additional heat 
source, the optimisation of the PVT-SAH would need to also consider the electricity 
consumed by the auxiliary heater to heat up the outlet air when its temperature was 
below 60oC, however, this was outside the scope of this chapter. The net electricity 
gains take into account both the electricity generated from the PV system and the fan 
power consumption. The formulation of the two objective functions is shown below. 
Useful thermal energy (objective function 1): 
𝑄𝑡ℎ = ∑ 𝑄𝑡ℎ
𝑗
𝑗=𝑁
𝑗=1
 (5.1) 
where  
𝑄𝑡ℎ
𝑗
= {
𝐶𝑓 ?̇?𝑓
𝑗
 ∆𝑡 𝐴𝑃𝑉𝑇−𝑆𝐴𝐻 (𝑇𝑜𝑢𝑡
𝑗
− 𝑇𝑖𝑛
𝑗
), 𝑇𝑜𝑢𝑡
𝑗
≥ 60
0,                                                     𝑇𝑜𝑢𝑡
𝑗
< 60
 (5.2) 
where 𝑄𝑡ℎ is the useful thermal energy (𝐽), and the expression used to calculate the 
𝑄𝑡ℎ is found in Charalambous et al. (2007), j is the 𝑗
𝑡ℎ time step in the simulation, 𝑁 
is the number of time steps, ∆𝑡 is the simulation time step interval (ℎ𝑟) and ∆𝑡 = 0.33 ℎ𝑟 
(20 mins) was used in all simulations in this study, 𝐴𝑃𝑉𝑇−𝑆𝐴𝐻 is the surface area of PVT-
SAH system (𝑚2), 𝑇𝑜𝑢𝑡
𝑗
 and 𝑇𝑖𝑛
𝑗
 are the temperatures of the PVT-SAH outlet air and 
inlet air respectively (oC), and 𝐶 𝑓 and ?̇?𝑓 are the heat capacity (𝐽/𝑘𝑔 ∙ 𝐾) and the mass 
flow rate (𝑘𝑔/ℎ𝑟 ∙ 𝑚2) of flowing air in the air channels, respectively. 
Net electricity gains (objective function 2): 
𝑄𝑛𝑒𝑡−𝑒𝑙𝑒 = ∑(𝑄𝑒𝑙𝑒
𝑗
𝑗=𝑁
𝑗=1
− 𝑄𝑓𝑎𝑛
𝑗
) (5.3) 
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where 𝑄𝑛𝑒𝑡−𝑒𝑙𝑒 is the net electricity gains (𝐽), 𝑄𝑒𝑙𝑒 is the electricity generated from the 
PV system (𝐽) and 𝑄𝑓𝑎𝑛 is the fan power consumption (𝐽). 𝑄𝑒𝑙𝑒
𝑗
 is calculated by Eq. 
(5.4) as a function of incident solar radiation 𝐼𝑡  (𝑊/𝑚
2 ), solar absorptivity 𝛼𝑝𝑣 , 
electrical efficiency of PV cells 𝜂 𝑝𝑣 and the area of the PV panels 𝐴 𝑝𝑣. The electrical 
efficiency of PV cells 𝜂 𝑝𝑣 deteriorates with the increase in PV module temperature 
𝑇𝑝𝑣 and is typically given by Eq. (5.5) (Zondag et al., 2003). 
𝑄𝑒𝑙𝑒
𝑗
= 𝐼𝑡
𝑗
 𝛼𝑝𝑣𝐴𝑝𝑣 𝜂𝑝𝑣
𝑗
 (∆𝑡 ∗ 3600) (5.4) 
 
𝜂𝑝𝑣
𝑗
= 𝜂𝑟𝑒𝑓 (1 − 0.0045 [𝑇𝑝𝑣
𝑗
− 25℃]) (5.5) 
where 𝜂𝑟𝑒𝑓 is the reference electrical efficiency of PV cell which is tested under the 
standard testing conditions. The value of 𝜂𝑟𝑒𝑓  is generally in the range of 10-18% 
(Dubey et al., 2013) and it is one of the design parameter to be optimised in this study.  
The electricity consumed by the fan 𝑄𝑓𝑎𝑛
𝑗
 is given by Eq. (5.6): 
𝑄𝑓𝑎𝑛
𝑗
= (∆𝑝𝑗  ?̇?𝑓
𝑗
 𝐴𝑝𝑣𝑡−𝑠𝑎ℎ ∆𝑡) (𝜂𝑓𝑎𝑛 𝜌𝑓⁄ ) (5.6) 
where 𝜌𝑓 is air density (𝑘𝑔 𝑚
3)⁄ , 𝜂𝑓𝑎𝑛 is the combined efficiency of fan and motor 
(%), typically ranging from 60 to 70% (Hegazy, Adel A., 2000; Karwa et al., 2001; 
Mittal and Varshney, 2006; Pottler et al., 1999), and in this study the fan efficiency 
was assumed to be 63%. The pressure drop ∆𝑝 in the air channel (𝑝𝑎) is determined 
by Eq. (5.7) (Matrawy, 1998). 
∆𝑝𝑗 = 𝑓𝑟
𝐿𝑃𝑉𝑇−𝑆𝐴𝐻
𝐷ℎ
𝜌𝑓 (𝑢
𝑗)
2
2
 (5.7) 
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where 𝐿𝑃𝑉𝑇−𝑆𝐴𝐻 is the total length of the PVT-SAH system (𝑚), 𝑓𝑟 is the friction 
coefficient in the air channel which can be obtained from a Moody chart (Munson et 
al., 1990), 𝐷ℎ is the hydraulic diameter of each air channel (𝑚), and 𝑢 is the mean 
velocity of flowing air (𝑚/𝑠). 
5.1.3.2 Constraints of design parameters  
The candidate design parameters that influence the performance of the PVT-SAH 
system can be grouped into: (1) material parameters which include the thermos-
physical properties for the type of materials used to construct the absorber plate/fins, 
the PV reference electrical efficiencies (η𝑟𝑒𝑓) whose values depend on the materials 
used to produce the PV cell (e.g. single-crystal Si, poly-crystal Si and non-silicon 
based film) and the thermal emissivity (𝜀𝑝) for the type of solar absorption coating that 
was fabricated on the surface of absorber plate; (2) geometrical parameters such as PV 
covering factor (𝑟𝑝𝑣), the number of fins (𝑁𝑓𝑖𝑛), air channel depth (𝐻𝑐ℎ𝑎𝑛𝑛𝑒𝑙), air gap 
thickness (𝐻𝑔𝑎𝑝), thickness of the glass cover (𝑡𝑔), absorber plate thickness (𝑡𝑝), fin 
thickness (𝑡𝑓𝑖𝑛 ) and back insulation thickness (𝑡𝑖𝑛𝑠𝑢 ) (Figure 5.3); (3) operational 
parameters, which was the mass flow rate (?̇?𝑓) in this case. The channel width is 
associated with the number of fins, and therefore it was not listed as an independent 
parameter. The optimal design of airflow channels was determined by finding the 
optimal channel depth and the number of fins across the width of the PVT-SAH system. 
The weather conditions also affect the performance of the PVT-SAH system, however 
the weather parameters are uncontrollable and were not modified during the design 
optimisation process of this study. On the other hand, the uncertainty of weather 
conditions on the performance of the optimised design was considered in this study 
and it is described in Section 5.3. The ranges of the design parameters were determined 
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from the literature and in the cases where literature data were not available, the 
parameters were selected in a way that their ranges were relatively large for practical 
applications. The specifications of the design parameters are listed in Table 5.3. 
Table 5.3. Ranges of design parameters considered for sensitivity study and design optimisation 
Design parameters Values or ranges  Remarks 
Construction materials  
 
Aluminium: 𝜌𝑎𝑙= 2700 
𝑘𝑔/𝑚3, 𝑘𝑎𝑙= 237 
𝑊 𝑚 ∙ 𝐾⁄ ,  𝐶𝑎𝑙= 880 
𝐽 𝑘𝑔 ∙ 𝐾⁄   (Design, 2006) 
Steel: 𝜌𝑠𝑡= 7800 𝑘𝑔/𝑚
3, 
𝑘𝑠𝑡= 80 𝑊 𝑚 ∙ 𝐾⁄  
𝐶𝑠𝑡= 460 𝐽 𝑘𝑔 ∙ 𝐾⁄  
(Design, 2006) 
The material used to construct the 
absorber/fin and bottom plate affects the 
input values of physical-thermal properties 
in the thermal model of PVT-SAH. 
PV reference efficiency 
 𝜂𝑝𝑣 (-) 
0.10 ~0.18 (Dubey et al., 
2013) 
It is defined as the PV conversion efficiency 
which is tested under standard conditions 
(𝑇𝑎𝑚𝑏=25
oC and 𝐼𝑡=1000W/m
2). This value 
varies with different PV products. 
Thermal emissivity of 
absorber plate  𝜀𝑝 (-) 
0.05~0.98 (Saxena and El-
Sebaii, 2015) 
From the black-painted absorber plate to 
selective absorber, the emissivity ranges 
from 0.98 to 0.05. It is used to calculate the 
radiation heat transfer between absorber 
plate and glass cover 
PV covering factor  𝑟𝑝𝑣 
(-) 
0.5~1 It is the relative length of PVT over the total 
length of PVT-SAH system. It is expressed 
as the ratio of 𝐿𝑃𝑉𝑇  to ( 𝐿𝑃𝑉𝑇 + 𝐿𝑆𝐴𝐻 ) as 
shown in Figure 5.3. 
Channel depth  𝐻𝑐ℎ𝑎𝑛𝑛𝑒𝑙 
(m) 
0.01~0.08 (Sun et al., 
2010) 
It is the distance between absorber plate and 
bottom plate as shown in Figure 5.3. 
Number of fins 𝑁𝑓𝑖𝑛 (-) 1~50 (Ammari, 2003; 
Matrawy, 1998) 
The total number of fins over the width (W) 
of PVT-SAH as shown in Figure 5.3. 
Thickness of air gap 
𝐻𝑔𝑎𝑝 (m) 
0.005~0.04 (Duffie and 
Beckman, 2013) 
It is the distance between glass cover and 
PV panel as shown in Figure 5.3. 
Thickness of absorber 
plate  𝑡𝑝 (m) 
0.0005~0.002 (Dupeyrat 
et al., 2011) 
As shown in Figure 5.3. 
Thickness of fin 𝑡𝑓𝑖𝑛 (m) 0.0005~ 0.002 As shown in Figure 5.3. 
Thickness of glass cover 
𝑡𝑔 (m) 
0.001~0.005 As shown in Figure 5.3. 
Thickness of back 
insulation 𝐻𝑖𝑛𝑠𝑢 (m)   
0~0.1 (Australian Building 
Codes Board, 2003; 
CIBSE, 2006) 
It is used to calculate the thermal resistance 
at the back of PVT-SAH. Glass wool is used 
as insulation material in this study with 
thermal conductivity of 0.04 W/𝑚2 ∙ 𝐾 
. 
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Air mass flow rate  ?̇?𝑓 
(𝑘𝑔 𝑚2 ∙ ℎ𝑟)⁄  
5~30 Operating parameter 
 
 
Figure 5.3. Geometric design parameters of the hybrid PVT-SAH system with fins 
5.1.3.3 Multi-objective optimisation technique  
The significant design parameters as identified by sensitivity analysis were optimised 
by using elitist non-dominated multi-objective genetic algorithm NSGA- II (Deb et al., 
2000). The NSGA-II technique is a population-based method which aims to generating 
a set of Pareto optimal solutions in a single run. In NSGA-II, the selection, crossover 
and mutation operators are used to reproduce the children generation based on the non-
domination criteria. The concepts of non-dominated sorting and crowding-distance 
sorting are then used to select the elitists from the combined parent and children 
population for each iteration. When one of the specified stopping criteria (i.e.  
maximum number of generations, function tolerance and maximum number of stall 
generations) is met, the optimisation will stop and will result in a set of optimal Pareto 
Fronts which are non-dominated with each other. A flowchart to show the process of 
optimisation as well as the coupling between NSGA- II iteration loop and performance 
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evaluation model of PVT-SAH system is presented in Figure 5.4. More details about 
using the multi-objective optimisation technique NSGA- II can be found in Deb et al. 
(2000). The non-dominated solution means that the value of one objective cannot be 
further improved unless sacrificing the other objective. The advantage of the Pareto 
based multi-objective optimisation is that it provides the insight of the trade-off 
relationships between the several objectives and helps the designer to make decisions. 
This therefore overcomes many shortcomings of traditional aggregative methods 
which combine all objectives into a weighted-sum and result only in a single optimal 
solution.  
 
Figure 5.4. Workflow of the process of multi-objective optimisation using the NSGA-II algorithm as 
well as its coupling with the model of PVT-SAH system. 
No 
Yes 
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5.1.3.4 Mathematical modelling of PVT-SAH system with fins 
The dynamic model of the proposed PVT-SAH system with fins that was developed 
in Chapter 4 was used for performance simulations in this study. The outputs from the 
model are the temperature of the outlet air (𝑇𝑜𝑢𝑡) and the nodal temperatures of all 
construction components such as glass cover (𝑇𝑔), PV panel (𝑇𝑝𝑣), absorber plate (𝑇𝑝), 
fins (𝑇𝑓𝑖𝑛), flowing air (𝑇𝑎𝑖𝑟), bottom plate (𝑇𝑏) (as shown in Figure 5.3) over the time 
step and space step. The outlet air temperature (𝑇𝑜𝑢𝑡) is then used to calculate the useful 
thermal energy and the temperature of PV panel (𝑇𝑝𝑣) is used to calculate the electrical 
efficiency of PV cells, and hence the net electricity gains as described in Section 
5.1.3.1. 
5.1.4 Decision-making strategy 
For multi-objective optimisation problems, the final decision of the optimum design 
among the Pareto Fronts candidates is a process of trade-off between the two objective 
functions, and it usually depends on engineering experience and the preference of the 
decision-makers on which objective function would be of more importance. In this 
study, the TOPSIS (Technique for Order Preference by Similarity to an Ideal Solution) 
method (Hwang et al., 1993) was employed to make the trade-off between the useful 
thermal energy and net electricity gains. The TOPSIS method is based on the concept 
that the selected candidate solution should have the shortest geometric distance from 
the ideal solution point and the longest geometric distance from the worst solution 
point. As the multi-objective functions are of incongruous dimensions and scales, it is 
essential to make their results in the original Pareto Fronts graph non-dimensionalised 
before applying the decision-making method. Fuzzy non-dimensionalisation method 
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(Ahmadi et al., 2013) was utilised to non-dimensionalise the results of the useful 
thermal energy gains and net electricity gains by applying the following expression:  
𝐹𝑖𝑗
𝑛 =
𝑚𝑎𝑥(𝐹𝑖𝑗) − 𝐹𝑖𝑗
𝑚𝑎𝑥(𝐹𝑖𝑗) − 𝑚𝑖𝑛(𝐹𝑖𝑗)
 (5.8) 
where ij represents the index number of each candidate solution in the Pareto Fronts 
graph, and 𝐹𝑖𝑗 is the useful thermal energy gains or net electricity gains of the Pareto 
Front solution under normalisation. 
5.2 Performance test and evaluation for the PVT-SAH with fins 
5.2.1 Design conditions  
The proposed PVT-SAH system was optimised under the summer weather conditions 
of Darwin, Australia (12.46oS, 130.84oE) with frequent high temperatures and high 
levels of humidity during the long summer period. This climate provides great 
potential for the application of PVT-SAH integrated desiccant cooling systems. A 
dynamic weather profile of the typical summer week of Darwin (Figure 5.5) was 
employed as the boundary conditions for the optimisation. The typical summer week 
was defined as a week with an average temperature that is nearest to the average 
summer temperature. The weather data of a typical summer week was extracted from 
an IWEC data file by using the EnergyPlus Weather Converter tool (Crawley et al., 
2001). For Darwin areas, the selected typical summer week has an average temperature 
of 28.7oC, which is nearest to the average temperature for summer season of Darwin. 
In addition, the PVT-SAH systems were assumed to be installed on the roof of an 
average sized Australian dwelling (Department of Industry, 2013) that was previously 
published as one of the representative Australian residential buildings. The roof of the 
building had north-facing and south-facing orientations of equal areas. The roof was 
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20 m long and 10 m wide and had an inclination angle of 23.6o for each orientation. In 
this study, the length of the PVT-SAH system was assumed to be the same to the roof 
length and the longitude axis of the air channel was in parallel to the length of the roof. 
Although the length of PVT-SAH used in the optimisation case study was fixed (i.e. 
20m), the optimisation method presented in this chapter can be used to obtain the 
optimal designs of the PVT-SAH systems with different lengths.The back insulation 
of the PVT-SAH system was in contact with the outside surface of the roof, therefore 
the inherent thermal resistance of the roof structure (4 𝑚2 ∙ 𝐾/𝑊) (Australian Building 
Codes Board, 2003; CIBSE, 2006) is provided as part of the total thermal resistance at 
the back of PVT-SAH system. Due to the evenly distributed flowing air in each air 
channel, the temperature of the flowing air will not change across the width of the roof 
and will only vary along the length of the roof. Hence, the analysis in this chapter 
considered the unit width of the PVT-SAH system to evaluate the system performance.  
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Figure 5.5. Darwin weather data of a typical summer week used for performance evaluation of the 
PVT-SAH system (from IWEC file). 
5.2.2 Results from sensitivity study and discussion  
A total of 16 simulation trials were conducted and the simulation results of the useful 
thermal gains and net electricity gains for each trial are summarised in Table 5.4. It 
was observed that the useful thermal energy and the net electricity gains showed 
significant variation for different combinations of the design parameters (from 394 MJ 
to 2546 MJ and from 398 MJ to 777 MJ, respectively). The negative result cases of 
net electricity gains in trial 7 and 8 indicated that the electricity generation from the 
PV system is less than the amount of electricity consumed by the fan to overcome the 
pressure drop in the air channels. The above results demonstrate that the performance 
of PVT-SAH system is sensitive to the design parameters but also justify the 
importance to conduct the sensitivity analysis and design optimisation. 
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Table 5.4. Taguchi simulation design and results using L16 Orthogonal Array. 
Trial 
No. 
Design parameters Useful 
thermal 
energy (MJ) 
Net 
electricity 
gains (MJ) A B C D E F G H I J K L 
1 1 1 1 1 1 1 1 1 1 1 1 1 1097.2 229.5 
2 2 1 1 1 2 2 2 1 2 2 2 2 709.1 736 
3 1 1 1 2 1 1 1 2 2 2 2 2 1885.8 129.7 
4 2 1 1 2 2 2 2 2 1 1 1 1 2054.6 177.64 
5 2 1 2 2 1 1 2 1 1 1 2 2 687.6 230.5 
6 1 1 2 2 2 2 1 1 2 2 1 1 729.5 739.7 
7 2 1 2 1 1 1 2 2 2 2 1 1 2546.6 -398.9 
8 1 1 2 1 2 2 1 2 1 1 2 2 2199.8 -211.4 
9 2 2 1 1 2 1 1 1 1 2 1 2 662.9 218.6 
10 1 2 1 1 1 2 2 1 2 1 2 1 394.4 750.5 
11 2 2 1 2 2 1 1 2 2 1 2 1 1928.7 410.8 
12 1 2 1 2 1 2 2 2 1 2 1 2 851.5 481.7 
13 1 2 2 2 2 1 2 1 1 2 2 1 1838.6 231.5 
14 2 2 2 2 1 2 1 1 2 1 1 2 567 777.83 
15 1 2 2 1 2 1 2 2 2 1 1 2 2286.8 475.6 
16 2 2 2 1 1 2 1 2 1 2 2 1 1769 498.3 
 
Table 5.5 and Table 5.6 list the results of the ANOVA analysis with respect to the 
useful thermal energy and net electricity gains, respectively. From Table 5.5, due to 
the small variance on the results of useful thermal energy caused by the type of 
materials, PV reference electrical efficiency and the thickness of glass cover, these 
three parameters were combined into the error term (Pooled) in Table 5.5 to evaluate 
the significance of the other design parameters. The critical F-value was identified to 
be 10.12 by referring to the standard F-value table with the use of the degree of 
freedom of the design parameter/interaction (DOF=1) and error term (DOF=3). By 
comparing the F-value of each design parameter, interaction and error term to the 
critical F-value, it can be found that the thickness of fins, back insulation and the error 
term were not significant parameters for the useful thermal energy output from the 
system. The last column of Table 5.5 lists the percentage contributions of all design 
parameters and of the interactions to the total variation of results. The most significant 
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parameter that influences the useful thermal energy gains is the mass flow rate 
(60.20%), followed by the PV covering factor (10.40%) and the number of fins within 
the air channel (7.20%).  
Table 5.5. ANOVA results quantifying the influence of system parameters on the useful thermal energy 
Source of Variation DOF 
Sum of 
Squares 
Variance  F-value 
Pure Sum 
of Squares  
Percent 
Contribution 
(%) 
A (material) (1) (8934) (8934) (2.0)              Pooled 
B (channel depth) 1 158264 158264 36 153873 1.89 
C (fin number) 1 585492 585492 133 581101 7.20 
D (absorber thickness) 1 81581 81581 18.5 77190 0.90 
E (air gap thickness) 1 432602 432602 98.5 428211 5.27 
F (PV covering factor) 1 846078 846078 192.6 841687 10.40 
G (thermal resistance of 
back insulation) 
1 18858 18858 4.2 14467 0.17 
H (mass flow rate) 1 4902349 4902349 1116.4 4897959 60.20 
I (PV reference 
electrical efficiency) 
(1) (544) （544） (0.12)             Pooled 
J (thickness of glass 
cover) 
(1) (3693) （3694）  (0.84)             Pooled 
K (thickness of fin) 1 22268 22268 5.0 17877 0.22 
L (thermal emissivity of 
absorber plate) 
1 386915 386915 88.1 382524 4.70 
B*C 1 309998 309998 70.0 305607 3.76 
F*L 1 97328 97328 22.1 92937 1.14 
B*H 1 267883 267883 61.0 263494 3.24 
Error (e) 3 13172 4390 1 65863 0.81 
Total 15 8122794    100 
 
Similarly, in Table 5.6 with the critical F-value of 18.5 identified, the non-significant 
parameters were found to be the thicknesses of: the air gap; the back insulation; the 
absorber plate; and the glass cover, and also the type of the construction material as 
well as the thermal emissivity of the absorber plate. Among the resulted significant 
parameters, the most important for the net electricity gains were in decreasing order: 
the PV covering factor (21.97%), the mass flow (20.69%) and the channel depth 
(17.4%). Furthermore, a significant influence on the net electricity gains (16.04%) was 
also found from the interaction between channel depth and mass flow rate. The 
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combination of small channel depths with high volume of mass flow rate has a 
significant negative impact on the net electricity gains due to the high consumption of 
fan power. This observation also explains the low harvest of electricity from the trial 
numbers 7 and 8 in Table 5.4. Based on the above sensitivity analysis, the number of 
design parameters that are to be optimised was decreased from twelve to seven and 
consisted of the following: channel depth, fin number, air gap thickness, PV covering 
factor, mass flow rate, PV reference electrical efficiency and thermal emissivity of the 
absorber plate. In addition, some recommendations for non-significant parameters in 
the design of PVT-SAH are drawn from the above analysis: (1) for a PVT-SAH system 
that is integrated on the rooftop, the thermal resistance provided by the roof structure 
need to be considered to determine whether extra insulations are needed to place 
beneath the PVT-SAH system. (2) When the constraints for strength requirements are 
met, the thicknesses of the glass, absorber and fins can be minimised for cost reduction 
purposes without compromising its thermal and electrical performance. 
Table 5.6. ANOVA results quantifying the influence of system parameters on the net electricity gains 
Source of Variation DOF 
Sum of 
Squares 
Variance  F-value 
Pure 
Sum of 
Squares 
Percent 
Contribution 
(%) 
A (absorber plate 
material) 
1 1332 1332 3.2 917 0.05 
B (channel depth) 1 297594 297594 716 297179 17.4 
C (fin number) 1 84159 84159 202 83744 4.89 
D (absorber 
thickness) 
1 5188 5188 12.5 4773 0.28 
E (air gap thickness) (1) 152 152 (0.36)             Pooled 
F (PV covering 
factor) 
1 376066 376066 906 375650 21.97 
G (thermal resistance 
of the back 
insulation) 
(1) 1198 1198 2.90 783 0.04 
H (Mass flow rate) 1 354230 354230 852 353815 20.69 
I (PV reference 
electrical efficiency) 
1 188115 188115 452 187700 10.98 
J (thickness of glass 
cover) 
1 1900 1900 4.57 1485 0.086 
K (thickness of fin) (1) 679 679 (1.63)             Pooled 
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L (thermal emissivity 
of absorber plate) 
1 1795 1795 4.32 1380 0.08 
B*C 1 63072 63072 152 62657 3.66 
F*L 1 54464 54464 131 54050 3.16 
B*H 1 274741 274741 661 274325 16.04 
Error (e) 2 831 415 1 415 0.36 
Total 15 1709392    100 
 
5.2.3 Results from multi-objective optimisation and discussions  
For the design conditions specified in Section 5.2.1, the list of significant parameters 
determined in Section 5.2.2 was globally optimised using the multi-objective genetic 
algorithm toolbox in MATLAB (Chipperfield and Fleming, 1995). A total of 80 initial 
samplings of the population were generated based on the number and the design ranges 
of the parameters that were used to perform the iterative search process. The other 
genetic algorithm parameters used in the present study were the following: crossover 
rate (=0.8), mutation rate (=0.2) and Pareto Front population fraction (=0.35). The 
optimisation running terminated at the generation of 444 when the average change in 
the spread of Pareto solutions was less than the function tolerance (=10−4).  
The multi-objective optimisation by NSGA-II resulted into a set of Pareto Fronts as 
shown in Figure 5.6. The outputs of the two objectives showed conflicting 
relationships with point B representing the highest thermal energy and lowest electrical 
gains, while point A represents the highest electrical and lowest thermal energy gains 
(Figure 5.6). Therefore, it is not possible to obtain the maximum useful thermal energy 
and net electricity gains simultaneously. The combinations of design parameters and 
the resultant performances for all candidate solutions on the Pareto Fronts curve are 
summarised in Table 5.7. It can be seen that the number of fins and the mass flow rate 
for all candidate solutions were optimised to be around 45 and 24.5 𝑘𝑔/𝑚2 ∙ ℎ𝑟 
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respectively, while the optimal value of the channel depth was significantly different 
across all the candidate solutions. The values of the channel depth tended to be small 
for the Pareto Fronts with higher useful thermal energy and large for the Pareto fronts 
with higher outputs of net electricity gains. The absorber plate with low thermal 
emissivity (solar selective absorber) was optimal in all Pareto Front solutions as it 
could reduce the infrared thermal loss of the PVT-SAH system. Black chromium and 
black nickel are most common selective absorbers used in the solar engineering and 
more types of selective absorber with the similar emissivity can be found in Saxena 
and El-Sebaii (2015). Table 5.7 could be useful for the selection of the optimal 
combination of the design parameters in the cases where the minimum demand of 
either the useful thermal energy gains or the net electricity gains are set as a constraint 
while requiring maximising the second objective function. 
 
Figure 5.6. Non-normalised Pareto Fronts curve of the multi-objective optimisation. 
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Table 5.7. Pareto Fronts points obtained from the optimisation 
Useful thermal 
Energy (MJ) 
Net Electricity 
Gains (MJ) 
Design parameters 
Channel depth  
(m) 
Fin number 
(-) 
Air gap thickness 
(m) 
PV covering 
factor (-) 
Mass flow rate 
 (𝑘𝑔/𝑚2 ∙ ℎ𝑟) 
PV reference 
efficiency (-) 
Thermal emissivity 
of absorber (-) 
1868 897 0.08 43 0.03 0.99 24.6 0.18 0.05 
1897 893 0.07 43 0.04 0.99 24.6 0.18 0.06 
1932 886 0.07 43 0.05 0.98 24.6 0.18 0.06 
2001 858 0.07 43 0.04 0.95 24.6 0.18 0.07 
2081 835 0.06 45 0.05 0.92 24.6 0.18 0.08 
2154 819 0.05 45 0.05 0.91 24.6 0.18 0.1 
2214 794 0.06 44 0.05 0.88 24.6 0.18 0.06 
2268 780 0.06 45 0.06 0.86 24.6 0.18 0.08 
2270 780 0.06 45 0.06 0.86 24.6 0.18 0.06 
2327 759 0.06 45 0.06 0.83 24.6 0.18 0.06 
2401 724 0.07 45 0.06 0.8 24.6 0.18 0.06 
2468 698 0.05 45 0.06 0.78 24.6 0.18 0.06 
2540 677 0.05 45 0.06 0.74 24.6 0.18 0.07 
2629 637 0.05 45 0.06 0.7 24.6 0.18 0.06 
2644 624 0.05 46 0.06 0.69 24.5 0.18 0.06 
2705 596 0.08 45 0.05 0.64 24.6 0.18 0.07 
2787 569 0.05 45 0.06 0.62 24.5 0.18 0.06 
2840 539 0.03 45 0.06 0.6 24.5 0.18 0.05 
2902 511 0.05 45 0.06 0.56 24.5 0.18 0.06 
2946 486 0.04 46 0.06 0.54 24.5 0.18 0.06 
2988 467 0.04 46 0.06 0.52 24.5 0.18 0.05 
3018 438 0.04 46 0.06 0.51 24.5 0.18 0.05 
3061 370 0.03 46 0.06 0.51 24.5 0.18 0.05 
3101 306 0.02 46 0.06 0.5 24.5 0.18 0.05 
3117 266 0.02 46 0.06 0.5 24.5 0.18 0.05 
3146 198 0.02 46 0.06 0.51 24.5 0.18 0.05 
3167 171 0.02 46 0.06 0.5 24.5 0.18 0.05 
3179 49 0.01 46 0.06 0.5 24.5 0.18 0.05 
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Figure 5.7 presents the normalised Pareto Fronts graph on which the hypothesised 
ideal and worst points are also marked. The optimal solution (2787 MJ for useful 
thermal energy and 570 MJ for net electricity gains) selected by the TOPSIS method 
has been marked in Figure 5.7. This optimal solution was located on the candidate 
solution point that was closest to the ideal point and simultaneously farthest from the 
worst point.  
 
Figure 5.7. Normalised Pareto Front curve of the multi-objective optimisation. 
The optimum values of the design parameters and the resultant performances are listed 
in Table 5.8 together with the results obtained from two baseline designs. The first 
baseline design was determined from the set of non-optimal simulation exercises that 
were summarised in Table 5.4 by taking simulation trial No. 15. Simulation trial No. 
15 was the design that resulted to the maximum performance based on the principle of 
TOPSIS method among all simulation exercises during the sensitivity study (Table 
5.4). The second baseline design was sourced from one of the designs that was used in 
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Chapter 4 with the values of all its parameters tended to be averaged and its significant 
design parameters have also been included in Table 5.8. The useful thermal energy 
and net electricity gains were increased for the optimal design after the optimisation 
by 21.9% and 20% respectively, in comparison to the first baseline design and by 24.7% 
and 126% respectively, in comparison to the second baseline design. 
Table 5.8. Comparison between optimal design and baseline designs. 
Cases 𝐻𝑐ℎ𝑎𝑛𝑛𝑒𝑙  
(m) 
𝑁𝑓𝑖𝑛 
(-) 
𝐻𝑔𝑎𝑝 
(m) 
𝑟𝑝𝑣 
(-) 
𝜂𝑝𝑣  
(-)  
𝜀𝑝 
(-) 
?̇?𝑓 
( 𝑘𝑔/𝑚2 ∙
ℎ𝑟) 
𝑄𝑡ℎ 
(MJ) 
𝑄𝑛𝑒𝑡−𝑒𝑙𝑒  
(MJ) 
Optimal 
design 
0.05 45 0.06 0.62 0.18 0.05 24.5 2787 570 
Baseline 
design 1 
0.08 50 0.08 0.5 0.18 0.98 30 2286 475 
Baseline 
design 2 
0.025 16 0.025 0.5 0.12 0.98 33.3 2234 252 
Improvement over baseline design 1 +21.9% +20% 
Improvement over baseline design 2 +24.7% +126% 
 
From Figure 5.8 it can be seen that the outlet air temperature for the optimal design 
case is significantly higher than the two baseline design cases during the daytime 
simulation period of the typical summer week that was used in this study. The 
accumulated length of time with outlet air temperature above 60C was 49.6 hours for 
the optimal design during the summer week, and 39.2 and 38.6 hours for baseline 
design 1 and baseline design 2 respectively. These results show that the optimal design 
can provide more useful thermal energy and serve longer time to regenerate a desiccant 
wheel that the other baseline designs under the same summer conditions. Figure 5.9 
shows that the optimal design significantly outperforms the baseline designs with 
respect to the instantaneous power generation from the PV system. This is because the 
PV covering factor 𝑟𝑝𝑣 of the optimal design is greater than the other designs (which 
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corresponds to a larger PV system) and because the optimal design has higher 
electrical reference efficiency 𝜂𝑝𝑣 over baseline design 2.  
 
Figure 5.8. Comparison of outlet air temperature between the optimal design and baseline designs 
during the simulation period. 
 
Figure 5.9. Comparison between the instantaneous electrical power produced by the optimal design 
and the baseline designs 
 
Figure 5.10 presents the comparison between the optimal design and the baseline 
designs in terms of the pressure drop, fan consumption and net electricity gains. Since 
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the smaller channel depth and higher mass flow rate tends to result in higher air 
velocity and Reynolds number and hence greater friction coefficient in the air channel, 
the baseline design 2 shows significantly higher pressure drop (497 Pa) over the 
optimal design (102 Pa) and the baseline design 1 (78 Pa) across the length of PVT-
SAH system. Consequently, the amount of electricity consumed to pump the flowing 
air in the baseline design 2 is 67.2 MJ, as opposed to 11.33 MJ for the optimal design 
and 4.37 MJ for the baseline design 1. 
 
Figure 5.10. Comparison of pressure drop, fan power and net electricity gains between optimal design 
and baseline designs. 
5.2.4 Performance comparison between multi-objective optimisation and single 
objective optimisations  
Single objective design optimisations that only focus on maximising one objective 
function (either useful thermal energy gains or net electricity gains) were also 
conducted to compare with the optimal design from the proposed multi-objective 
optimisation as shown in Table 5.9.  
The results showed that optimising the design of the PVT-SAH system with single 
objectives can lead to significantly lower outputs for the other objective function that 
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was not optimised. In contrast, the proposed multi-objective optimisation process 
resulted in comparatively high outputs for both useful thermal energy and net 
electricity gains. The above comparisons have therefore demonstrated that the 
proposed multi-objective optimisation strategy is effective to make reasonable trade-
offs between multiple objectives and could facilitate the design of PVT-SAH systems. 
Table 5.9. Optimised parameters for multi-objective and single objective optimisations 
Design parameters 
Multi-
objective 
Single objective 
Eq. (5.1) 
Single objective 
Eq. (5.3) 
Channel depth (m) 0.05 0.01 0.08 
Fin number (-) 45 50 41 
Air gap thickness (m) 0.06 0.06 0.005 
PV covering factor (-) 0.62 0.5 1 
Mass flow rate (kg/𝑚2 ∙ ℎ) 24.5 24.7 30 
PV reference electrical 
efficiency (-) 
0.18 0.18 0.18 
Thermal emissivity of 
absorber (-) 
0.05 0.05 - 
Useful thermal energy (MJ) 2787 3028 1417 
Net electricity gains (MJ) 570 27.2 915 
 
5.3 Uncertainty Analysis 
In this section, the uncertainties in the performance (i.e. net electrical efficiency and 
useful thermal efficiency) of the optimal design of the PVT-SAH with fins due to 
weather conditions and building roof types were investigated by using the Monte Carlo 
simulation method. The optimal design of PVT-SAH in Section 5.2.3 (as shown in 
Table 5.8) was derived under the weather condition of a typical summer week of 
Darwin and a typical roof of an Australian residential building on which the PVT-SAH 
systems could be mounted as having a prescribed fixed size and tilt angle. To make 
the optimisation results more generic and useful, and to examine whether changes of 
the selected climatic design conditions or of design contexts (e.g. roof type) affect the 
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performance of the optimal PVT-SAH design, an uncertainty analysis was performed 
by varying the weather conditions, and the size and tilt angle of the roof. Monte Carlo 
Analysis was used to generate a probability distribution of the performance of PVT-
SAH by using a probability of the model inputs. The variables and ranges of uncertain 
inputs used in the Monte-Carlo analysis are listed in Table 5.10. The azimuth angle of 
the PVT-SAH system was assumed to be 0o (facing north) in this case study, which is 
the typical orientation for the solar systems located in the south hemisphere. For the 
systems that are not oriented at north, it will be beneficial to incorporate the azimuth 
angle into the uncertainty analysis. 
 
Table 5.10. Uncertainties of input parameters used for performance evaluation of the PVT-SAH with fins. 
Parameter Baseline value Uncertainty ranges 
Weather: Dry bulb 
temperature 
Typical summer week in Darwin 
(Figure 5.5) 
± 3oC 
Weather: Wind speed Typical summer week in Darwin 
(Figure 5.5) 
± 30% 
Weather: Beam 
horizontal radiation 
Typical summer week in Darwin 
(Figure 5.5) 
± 20% 
Weather: diffuse 
horizontal radiation 
Typical summer week in Darwin 
(Figure 5.5) 
± 20% 
Roof: Length of PVT-
SAH (roof size) 
20m 5 m ~ 25 m 
Roof: Roof tilt angle 23.5o 10𝑜 ~ 30𝑜 
 
The prior distributions of all input uncertainties were required by the Monte Carlo 
method to randomly sample many possible inputs that were statistically representing 
the range of uncertainties. The analysis applied a uniform distribution function to all 
uncertain parameters. The representative sample size was determined to be 500 
through an invariability test (Quezada-García et al., 2016). A total of 500 combinations 
of the parameter values were then established and were used as the vector inputs for 
the simulations. The distribution profiles of the useful thermal efficiency and net 
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electrical efficiency for all possible combinations are displayed in Figure 5.11 (a) and 
(b), respectively. The useful thermal efficiency for all possible scenarios ranged from 
48.8% to 56.5%. The mean value was found to be 53.5% with the standard deviation 
of 2.7%. According to the cumulative distribution curve, at the confidence interval of 
95%, the useful thermal efficiency ranged from 50.5% to 56.5%. Based on these results, 
there is an 80% possibility that the useful thermal efficiency can be over 51.9%. In 
contrast, the uncertainties of the inputs had smaller impact on the variation of the net 
electrical efficiency. The maximum difference between the maximum and minimum 
electrical efficiency values was less than 1%, with the maximum and minimum 
efficiency being 8.34% and 7.70% respectively. The results of the uncertainty analysis 
revealed that the optimised design of the PVT-SAH system tends to perform well 
under a range of weather conditions, roof sizes and roof angle scenarios. Moreover, 
the optimised design showed relatively high performance in terms of useful thermal 
efficiency (53.5% on average). It is worth to note that the optimal design of the PVT-
SAH system is not guaranteed to be the optimum design for all different climates and 
roof configurations included in this study, but the risks for its performance were 
quantified through the uncertainty analysis and provide a certain degree of confidence 
Chapter 5 
150 
 
to use the system with the resulted optimal design parameters in different design 
contexts.  
 
Figure 5.11. Distribution profile of Monte Carlo simulations on (a) useful thermal efficiency (b) net 
electrical efficiency. 
5.4 Application of the optimisation strategy for optimising the PVT-SAH with 
heat pipes 
This section presents the application of the proposed optimisation strategy that was 
developed in Section 5.1 in the optimisation of the PVT-SAH with heat pipes. As an 
alternative to Taguchi method, the global sensitivity analysis (GSA) was used in this 
section to investigate the significance of the design parameters on the objective 
functions. 
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5.4.1 Global sensitivity analysis 
GSA is a variance-based method and is able to measure the sensitivity indexes for the 
models with up to 50 different input parameters. Different from local sensitivity 
analysis methods, the GSA can evaluate the integrated sensitivity of the design 
parameter over its entire space. The GSA measures the total contribution to the 
outcomes’ variation for each design parameter, which includes the parameter’s main 
effect as well as all the interactions involving that parameter. More details of using 
GSA can be found in Cannavó (2012). 
5.4.2 Design parameters and constraints 
A total of 13 candidate design parameters were considered for the design of PVT-SAH 
with heat pipes and the details of these parameter are presented in Table 5.11. It is 
worth to note that the solar properties of PV cells and absorber plate were fixed and 
not optimised in this study. The PV cells considered in this study were polycrystalline 
silicon with a solar absorption of 0.9 and the reference average electrical efficiency of 
18%. Using solar selective coating, the absorber plate has the solar absorption and 
emissivity of 0.95 and 0.05, respectively. 
Table 5.11. Specifications of the candidate design parameters of the hybrid PVT-SAH with heat pipes. 
Candidate design parameters Constraints Remarks 
Material  𝑇𝑦𝑚𝑎  (Design, 2006) Steel; copper 
and 
aluminium 
The material used to construct the 
absorber/fins and bottom plate which 
affects the input values of thermophysical 
properties in the thermal model of PVT-
SAH (such as thermal conductivity, heat 
capacity and density) . 
PV covering factor 𝑟𝑝𝑣 [0.1,0.9] The ratio of 𝑊𝑃𝑉  to ( 𝑊𝑃𝑉 + 𝑊𝑆𝐴𝐻 ) as 
shown in Figure 5.12. 
Number of fins 𝑁𝑓𝑖𝑛 [1,50] The number of fins over the width of 
SAH (𝑊𝑆𝐴𝐻) as shown in Figure 5.12. 
Thickness of air gap for the PVT 
module 𝐻𝑔𝑎𝑝1(m) 
[0.01, 0.08] As shown in Figure 5.12. 
Thickness of air gap for the SAH 
module  𝐻𝑔𝑎𝑝2(m) 
[0.01, 0.08] As shown in Figure 5.12. 
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Thickness of fins 𝑡𝑓𝑖𝑛(m) [0.001, 0.003] As shown in Figure 5.12. 
Thickness of absorber plate 𝑡𝑝(m) [0.001, 0.003] As shown in Figure 5.12.  
Thickness of glass cover 𝑡𝑔(m) [0.001,0.005] As shown in Figure 5.12.  
Number of heat pipes (𝑁ℎ𝑝) [10, 220] The number of heat pipes installed along 
the length of PVT-SAH system.  
Height of the lower channel 
𝐻𝑙𝑜𝑤𝑒𝑟(m) (Sun et al., 2010) 
[0.01, 0.1] Channel depth of the PVT module. 
Height of the upper channel 
(𝐻𝑢𝑝𝑝𝑒𝑟) (m) 
[0.01, 0.1] The distance between the absorber plate 
and the bottom plate as shown in Figure 
5.12.  
Thickness of the connection layer 
(𝐻𝑙𝑖𝑛𝑘) (m) (Australian Building 
Codes Board, 2003) 
[0, 0.1] The thickness of insulation layer 
between the SAH and PVT as shown in 
Figure 5.12. Glass wool was used in this 
study with a thermal conductivity of 0.04 
W/𝑚 ∙ 𝑘 
Mass flow rate (𝑀?̇?) (𝑘𝑔 ℎ𝑟)⁄  [50, 700] - 
 
 
Figure 5.12. Geometric parameters of the PVT-SAH with heat pipes. 
5.4.3 Results and discussion 
All the simulations in this study were conducted under the typical summer week 
conditions of Darwin city in Australia as described in Section 5.2.1. The PVT-SAH 
system with heat pipes was also assumed to be mounted on the roof of a typical 
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Australian residential building with the average roof tilt angle of 23.6o. To 
accommodate different lengths of the roof, the design optimisation was performed for 
different lengths of the PVT-SAH systems (i.e. 6, 9, 12, 16, 19, 22 m), respectively. 
For the convenience of comparing the performance of PVT-SAH system for different 
system lengths, the useful thermal energy efficiency (η_th) and net electrical efficiency 
(η_ele) were used as the objective functions and unit width of the PVT-SAH with heat 
pipes was considered in all simulations. 
5.4.3.1 Results from the sensitivity analysis 
Given the constraints of the design parameters provided in Table 5.11, the sensitivity 
index was evaluated for each design parameter with respect of the useful thermal 
efficiency and net electrical efficiency respectively. From Figure 5.13, it can be seen 
that the material parameter (𝑇𝑦𝑚𝑎) did not significantly influence the outputs of useful 
thermal efficiency and net electrical efficiency. In addition, the joint contributions of 
the design parameters such as the thickness of glass cover (𝑡𝑔), air gap for the PVT 
module (𝐻𝑔𝑎𝑝1), air gap for the SAH module (𝐻𝑔𝑎𝑝2), absorber plate (𝑡𝑝) and fins (𝑡𝑓𝑖𝑛) 
to the objective functions were small in comparison to the other parameters. Hence, 
the parameters mentioned above were grouped as low sensitivity parameters and were 
not further considered in the following optimisation. The level of significance for each 
key design parameter on the useful thermal efficiency and net electrical efficiency is 
different. The mass flow rate (?̇?𝑓), PV covering ratio (𝑟𝑝𝑣) and the number of heat 
pipes (𝑁ℎ𝑝 ) were the top three most sensitive parameters to the useful thermal 
efficiency. On the other hand, the parameters that contribute most to the improvement 
of the net electrical efficiency were the lower channel depth (𝐻𝑙𝑜𝑤𝑒𝑟 ) and upper 
channel depth (𝐻𝑢𝑝𝑝𝑒𝑟), as well as the mass flow rate (?̇?𝑓). It is worthwhile to note 
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that the sum of the total sensitivity indexes of each objective function is more than one, 
indicating the existence of the interactions among some of the parameters. 
 
Figure 5.13. Sensitivity indices of (a) useful thermal efficiency, (b) net electrical efficiency for 
different design parameters 
Figure 5.14 represents the variations of the useful thermal efficiency and net electrical 
efficiency with the change of each key design parameter while keeping the other 
parameters constant and by using the base design data provided in Table 5.12. The 
base design in Table 5.12 was determined to ensure that the PVT-SAH has the 
performance at an average level. Figure 5.14 (c) and (e) showed the conflicting effect 
that the channel depth has on the outcomes of η_th and η_ele. The smaller channel 
depth was advantageous for increasing the thermal performance, but more electricity 
was consumed by the fan to drive the flowing air. Figure 5.14 (f) showed that there 
was an optimal mass flow rate for both η_th and η_ele. When mass flow rate was 
greater than a specific value, the obtained useful thermal energy (with temperature 
(a) 
(b) 
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over 60C) was reduced and the fan electricity consumption was magnified, which 
resulted in a lower η_th and a lower η_ele. From Figure 5.14 (g), it can be seen that a 
thicker thermal insulation between upper and lower channels can contribute to 
increasing the η_th and η_ele. The reason is that the sufficient insulation can prevent 
the heat transfer from the upper channel to the lower channel, resulting in a lower 
temperature of the flowing air in the lower channel and thus increased the temperature 
difference of the convection heat transfer between flowing air and the condenser.  
Table 5.12. Reference design of the hybrid PVT-SAH 
𝑁ℎ𝑝 𝑟𝑝𝑣 𝐻𝑙𝑜𝑤𝑒𝑟(m) 𝑁𝑓𝑖𝑛 𝐻𝑢𝑝𝑝𝑒𝑟(m) 𝐻𝑙𝑖𝑛𝑘(m) ?̇?𝑓 (𝑘𝑔/ℎ𝑟) 
90 0.5 0.05 18 0.05 0.02 200 
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Figure 5.14. The variations of useful thermal efficiency and net electrical efficiency verse the change 
of (a) 𝑁ℎ𝑝, (b) 𝑟𝑝𝑣, (c) 𝐻𝑙𝑜𝑤𝑒𝑟 , (d) 𝑁𝑓𝑖𝑛, (e) 𝐻𝑢𝑝𝑝𝑒𝑟 , (f) ?̇?𝑓, (g) 𝐻𝑙𝑖𝑛𝑘 . 
5.4.3.2 Results from the multi-objective optimisation 
The multi-objective optimisation problem of the PVT-SAH system with different 
lengths was solved by using multi-objective genetic algorithm optimizer and the 
decision-making method. For each optimisation case, the GA optimizer will result in 
a set of Pareto Fronts solutions. Using the PVT-SAH with a length of 6 meters as an 
example, the obtained optimal Pareto Fronts is shown in Figure 5.15 (a). 
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Figure 5.15. (a) Optimal Pareto Fronts without normalisation; (b) Normalized Pareto Fronts. 
 From Figure 5.15 (a), it is observed that the ideal maximum useful thermal efficiency 
(Point A) and net electrical efficiency (Point B) cannot be achieved simultaneously 
and the results of the two objective functions were in a conflicting relationship. This 
means that the final optimal solution is a trade off between the two objective functions. 
Theoretically, all the solution points on the Pareto Fronts curve are optimal and the 
selection of the final candidate solution is usually dependent on which objective is of 
more important to the designers. The TOPSIS method was used to locate the final 
optimal solution in this study. Figure 5.15 (b) presents the normalized Pareto Fronts 
(a) 
(b) 
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curve, on which an ideal positive point and worst point were assumed to assist in the 
selection of the final optimal point. The candidate solution which had the longest 
geographical distance from the ideal worst point and the shortest distance from the 
ideal positive point was determined to be the final optimal solution. Using the same 
method, the optimum key design parameters and the resultant performance for the 
PVT-SAH system with different lengths were obtained and are summarised in Table 
5.13.  
Table 5.13. Optimal designs and the resulted performance for different lengths of PVT-SAH with heat pipes. 
Length of PVT-SAH system (m) 
 6 10 13 16 19 22 
Optimal performance 
η_th (%) 53.5 58.2 60 58.9 59.1 56.3 
η_ele (%)  9.76 8.93 8.36 8.11 7.61 8.31 
Optimal design of parameters 
𝑁ℎ𝑝 79 93 145 176 161 202 
𝑟𝑝𝑣 0.66 0.56 0.52 0.52 0.47 0.59 
𝐻𝑙𝑜𝑤𝑒𝑟(𝑚) (m) 
(m) 
0.06 0.065 0.08 0.052 0.054 0.058 
𝑁𝑓𝑖𝑛(𝑚) 13 16 23 31 25 16 
𝐻𝑢𝑝𝑝𝑒𝑟  (𝑚) 
(m)(m) 
0.035 0.04 0.052 0.088 0.071 0.089 
𝐻𝑙𝑖𝑛𝑘  (𝑚) 0.1 0.1 0.1 0.1 0.1 0.1 
?̇?𝑓 (𝑘𝑔 ℎ𝑟)⁄  155 285 370 430 472 596 
 
The optimal useful thermal efficiency and net electrical efficiency were in the ranges 
of 53.5-60% and 7.61-9.76% respectively for different lengths of the PVT-SAH 
system. It was found that the optimal number of the heat tubes and the mass flow rate 
increased with the increase in the length of PVT-SAH system. The thicker insulation 
layer between the SAH and PVT was preferred for all optimisation cases. A further 
comparison of the useful thermal efficiency and net electrical efficiency between the 
obtained optimal designs (Table 5.13) and the baseline design (Table 5.12) was 
conducted and the result is shown in Figure 5.16. It can be seen that the performance 
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of the optimal design was significantly higher than the baseline design with η_th 
increased by 3.2-67.5% and η_ele  increased by 9.9-25.2% in comparison to the 
baseline design for different lengths of the PVT-SAH system. These results 
demonstrated the effectiveness of the multi-objective design optimisation strategy to 
optimise the hybrid PVT-SAH system. 
 
Figure 5.16. Performance comparison between the optimal designs and baseline design for different 
lengths of the hybrid PVT-SAH with heat pipes. 
5.5 Summary 
This chapter presents a multi-objective design optimisation strategy for the proposed 
high-temperature PVT-SAH systems to maximise the useful thermal energy and net 
electricity gains. The sensitivity study effectively reduced the optimisation size by 
identifying the non-significant parameters. An optimisation technique using the multi-
objective Genetic Algorithm that was implemented in MATLAB toolbox was used to 
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search for a set of optimal Pareto Fronts. A decision-make strategy based on an ideal 
point was employed to determine the final optimal solution. 
The effectiveness of the proposed optimisation strategy was validated with a 
comparison between the optimal design and the baseline designs of the PVT-SAH with 
fins. In addition, the performance of the optimal design of PVT-SAH with fins was 
demonstrated to be robust by an uncertainty analysis for varied climate boundary 
conditions, roof areas and tilt angles. The proposed optimisation strategy was also 
applied to optimising the PVT-SAH with heat pipes. The optimal design of PVT-SAH 
with heat pipes performed significantly better than a baseline design for different 
system lengths.
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Chapter 6: Optimisation of life-cycle cost performance of high-
temperature PVT-SAH systems 
 
Previous research and development work on PVT systems has mostly focused on the 
investigation of their environmental benefits and the optimisation of their thermal and 
electrical performance. However, the lack of studies on the economic performance of 
PVT systems has constrained their applications in practice. This chapter presents a 
study on the economic performance of the PVT-SAH systems that were proposed in 
Chapter 3 for the production of thermal energy and electricity for the operation of 
desiccant cooling systems. The life-cycle cost saving method and three economic 
performance indicators are employed for this purpose. The economic performance of 
the PVT-SAH system is influenced by its geometric design and by a number of cost 
parameters that determine cost and savings incurred at the construction and operation 
stages. Hence, a sensitivity study and an uncertainty analysis are respectively 
undertaken to examine the influence of the abovementioned factors on the economic 
feasibility and quantify the risks associated with the economic performance caused by 
the uncertainty of cost parameters of PVT-SAH systems.  
This chapter is organised as follows. Section 6.1 outlines the research methodology. 
The results for the energy performance and life-cycle cost benefits of the proposed 
PVT-SAH systems are presented in Section 6.2. A brief summary of this chapter is 
provided in Section 6.3. 
6.1 Research method  
6.1.1 Outline of the research method 
The performance of the proposed PVT-SAH systems with fins and with heat pipes was 
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evaluated based on the procedures illustrated in Figure 6.1, by following three main 
steps:  
• In the first step, the multi-objective design optimisation strategy presented in 
Chapter 5 was employed to obtain a set of Pareto Fronts which represented a 
number of optimal system designs and the corresponding values of the thermal 
and electrical energy outputs for each system considered.  
• In Step 2, three representative candidate designs were chosen from the 
previously obtained Pareto Fronts to represent the lowest, middle and highest-
level priority for maximising the thermal energy outputs against the electricity 
outputs. Based on the identified cost parameters and the candidate designs 
considered, the life-cycle cost saving method was utilised to evaluate the 
economic performance of the proposed PVT-SAH systems.  
• Finally, in Step 3, the uncertainties in the economic performance of the 
proposed PVT-SAH systems were analysed based on the uncertainties in the 
cost parameters for the construction and operation of the systems. 
 
Figure 6.1. Outline of the research method employed. 
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6.1.2 Energy performance evaluation  
6.1.2.1 Annual useful thermal energy efficiency  
In the context of this work, the useful thermal energy was defined as the thermal energy 
generated by the PVT-SAH systems when the outlet air temperature was greater than 
60℃ so that it can be effectively used for a desiccant regeneration process. In order to 
reduce the computational cost for optimisation, one typical day was selected to 
represent the weather conditions of the given month and the total output of the useful 
thermal energy in this month was determined by multiplying the useful thermal energy 
output of the typical day with the number of days of this month. The typical day was 
determined based on the specification provided by “Climate Design Data 2009 
ASHRAE handbook” (Thevenard, 2009). The annual output of the useful thermal 
energy was the sum of the monthly generation of the useful thermal energy.  
The expression used to calculate the monthly useful thermal energy (𝑄𝑡ℎ−𝑀) is shown 
below: 
𝑄𝑡ℎ−𝑀 = 𝑁 × ∑ ({
𝐶𝑓 ?̇?𝑓
𝑗
 𝐴𝑃𝑉𝑇−𝑆𝐴𝐻 (𝑇𝑜𝑢𝑡
𝑗
− 𝑇𝑖𝑛
𝑗
), 𝑇𝑜𝑢𝑡
𝑗
≥ 60
0,              𝑇𝑜𝑢𝑡
𝑗
< 60 
𝑗=ℎ𝑟
𝑗=1
) (6.1) 
 
where 𝑁 is the number of days in the month, ?̇?𝑓 is the air mass flow rate (𝑘𝑔/ℎ𝑟), ℎ𝑟 
and j are the number of hours and the 𝑗𝑡ℎ hour of the typical day.  
Based on the yearly useful thermal energy output, the yearly useful thermal efficiency 
(𝜂𝑡ℎ−𝑦𝑒𝑎𝑟) can be calculated: 
𝜂𝑡ℎ−𝑦𝑒𝑎𝑟 =
𝑄𝑡ℎ−𝑦𝑒𝑎𝑟
𝐼𝑦𝑒𝑎𝑟 ×  𝐴𝑃𝑉𝑇−𝑆𝐴𝐻
 
(6.2) 
where 𝐼𝑦𝑒𝑎𝑟 is the yearly global solar radiation per square meters on the surface of the 
PVT-SAH systems (kJ/𝑚2). 
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6.1.2.2 Annual net electrical efficiency 
Similarly, the annual electricity generation (𝑄𝑒𝑙𝑒−𝑦𝑒𝑎𝑟 ) by the PV system can be 
obtained by summing up the monthly electricity outputs of the year. 
The monthly electricity generation is calculated as below: 
𝑄𝑒𝑙𝑒−𝑀 = 𝑁 × ∑ 𝐼𝑡
𝑗
𝛼𝑝𝑣𝐴𝑝𝑣 𝜂𝑝𝑣
𝑗
 
𝑗=ℎ
𝑗=1
 
(6.3) 
where 𝐼𝑡
𝑗
 is the total amount of the solar radiation exposed to the unit area of the PV 
system per hour (kJ/ℎ𝑟 ∙ 𝑚2), and 𝜂𝑝𝑣
𝑗
 is the electrical efficiency which is calculated 
using Eq. (6.4) (Zondag et al., 2003).  
𝜂𝑝𝑣
𝑗
= 𝜂𝑟𝑒𝑓 (1 − 0.0045 [𝑇𝑝𝑣
𝑗
− 25℃]) 
(6.4) 
where 𝜂𝑟𝑒𝑓 is the electrical efficiency of PV cells at the standard testing condition and 
𝑇𝑝𝑣
𝑗
 is the temperature of PV cells at the 𝑗𝑡ℎ hour in the typical day.  
The PVT-SAH system uses a mechanical fan to drive the air flow and the annual 
electricity consumed by the fan is given by Eq. (6.5) (Matrawy, 1998). 
𝑄𝑓𝑎𝑛−𝑦𝑒𝑎𝑟 = ∑ (𝑁 × ∑ (∆𝑝
𝑗 ?̇?𝑓
𝑗
) (𝜂𝑓𝑎𝑛𝜌𝑓)⁄
𝑗=ℎ𝑟
𝑗=1
𝑀=𝐷𝑒𝑐
𝑀=𝐽𝑎𝑛
) (6.5) 
where 𝜌𝑓 is the air density (𝑘𝑔 𝑚
3)⁄ , 𝜂𝑓𝑎𝑛 is the combined efficiency of the fan and 
motor (%), typically ranging from 60 to 70% (Hegazy, Adel A., 2000; Karwa et al., 
2001; Ramadan et al., 2007) and in this study the fan efficiency was assumed to be 
63%. Although the reported efficiency of modern fans, particularly those driven by 
inverter-controlled motors, could be high, using the average efficiency value (63%) in 
this case study could make the results of the performance estimation more conservative. 
The pressure drops ∆𝑝 in the air channel is determined by Eq. (6.6). 
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∆𝑝𝑗 = 𝑓𝑟
𝐿𝑃𝑉𝑇−𝑆𝐴𝐻
𝐷ℎ
𝜌𝑓 (𝑢
𝑗)
2
2
 (6.6) 
where 𝐿𝑝𝑣𝑡−𝑠𝑎ℎ is the total length of the PVT-SAH system (𝑚), 𝐷ℎ is the hydraulic 
diameter of the air channel and 𝑓𝑟 is the friction coefficient in the air channels. For the 
PVT-SAH with fins and the upper channel of the heat pipe integrated PVT-SAH, the 
𝑓𝑟 can be obtained from a Moody chart (Munson et al., 1990) while the 𝑓𝑟 for the 
lower channel of the heat-pipe PVT-SAH can be found in the literature provided by 
Bergman and Incropera (2011). 
Considering the fan consumption, the annual net electrical efficiency (𝜂𝑛𝑒𝑡−𝑒𝑙𝑒−𝑦𝑒𝑎𝑟) 
is given by: 
𝜂𝑛𝑒𝑡−𝑒𝑙𝑒−𝑦𝑒𝑎𝑟 =
𝑄𝑒𝑙𝑒−𝑦𝑒𝑎𝑟 − 𝑄𝑓𝑎𝑛−𝑦𝑒𝑎𝑟
𝐼𝑦𝑒𝑎𝑟 ×  𝐴𝑝𝑣𝑡−𝑠𝑎ℎ
 
(6.7) 
In this study, the useful thermal efficiency and net electrical efficiency were evaluated 
for the optimal designs of the PVT-SAH systems. The multi-objective design 
optimisation strategy that was developed in Chapter 5 was utilised to obtain the 
optimal designs of the PVT-SAH systems. 
6.1.3 Economic performance evaluation 
The economic performance of the PVT-SAH with heat pipes and the PVT-SAH with 
fins were evaluated based on the assumption that the generations of useful thermal 
energy and electricity were respectively used to regenerate desiccants in a rotary 
desiccant cooling system and reduce the household electricity demand. The following 
three economic indicators were used in this study: (1) Capital cost per kilowatt thermal 
capacity (CCKT); (2) Annualised life-cycle cost saving (ALCS) and (3) Payback Time 
(PBT).  
• Capital cost per kilowatt thermal capacity (CCKT)  
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The thermal capacity of the PVT-SAH system is 𝐸𝑡ℎ (kW) and the capital cost for the 
manufacture is 𝐶𝑐𝑎, the CCKT is assumed to be: 
CCKT =
𝐶𝑐𝑎
𝐸𝑡ℎ
 
(6.8) 
• Annualised life-cycle cost saving (ALCS) 
The annualised life-cycle cost saving (ALCS) which gives an equal cost saving over 
the life cycle that is equivalent to the varying series of annual savings is determined 
by Eq. (6.9) (Duffie and Beckman, 2013): 
𝐴𝐿𝐶𝑆 =
𝐿𝐶𝑆
𝑃𝑊𝐹(𝑁𝐿 , 0, 𝑑)
 
(6.9) 
where 𝐿𝐶𝑆  is the life-cycle cost saving for running the PVT-SAH system 
and PWF (𝑁𝐿 , 0, d) is the present worth factor for which 𝑁𝐿 is the term of mortgage 
and 𝑑 is the annual interest rate. 
• Payback time (PBT) 
Payback time (PBT) is defined as the time needed for the cumulative fuel cost savings 
in the present worth to equal to the capital cost of the PVT-SAH systems and is 
determined by Eq. (17) (Duffie and Beckman, 2013): 
PBT = ln [
𝐶𝑐𝑎(𝑒 − 𝑑)
𝑆𝑓𝑢𝑒𝑙,1
+ 1] ln (
1 + 𝑒
1 + 𝑑
)⁄  
(6.10) 
where 𝑆𝑓𝑢𝑒𝑙,1 is the fuel cost saving in the first year and 𝑒 is the annual inflation rate. 
The life-cycle cost savings method is used to evaluate the economic performance of 
the PVT-SAH systems for driving a desiccant cooling system. A general expression to 
show the present-worth cost saving in the 𝑗𝑡ℎ year of the life cycle is presented in Eq. 
(6.11).  
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PW_STotal,j
= {
−Cdown,                                        j = 0
PW_Sfuel,j − PW_Cloan,j − PW_Cm,j − PW_Co,j,       1 ≤ j ≤ NL − 1
PW_Sfuel,j − PW_Cloan,j − PW_Cm,j − PW_Co,j + PW_Ssa,       j = NL
 
 (6.11) 
Summing up the cost saving of each year, the life-cycle cost saving (LCS) can be 
obtained as: 
LCS = ∑ PW_STotal,j
𝑗=𝑁𝐿
𝑗=0
 
(6.12) 
Eq. (6.11) was developed based on the following assumptions: 
The initial capital cost (𝐶𝑐𝑎) was supported by 10% down payment (Cdown) and the 
remaining 90% bank mortgage was paid by a series of equal payment (𝑃𝑙𝑜𝑎𝑛) each year 
with the loan payment period equal to the life-cycle period. At the beginning of the life 
cycle (j = 0) when the PVT-SAH system had not started working, only a down payment 
was introduced, while in the last year of the life cycle (j = 𝑁𝐿 ), the salvage value 
(PW_𝑆𝑠𝑎) of the PVT-SAH system was taken into account. The present-worth cost 
saving in the 𝑗𝑡ℎ  year was the subtraction of the loan payment ( PW_𝐶𝑙𝑜𝑎𝑛,𝑗 ), 
maintenance cost (PW_𝐶𝑚,𝑗 ) and operation cost (PW_𝐶𝑜,𝑗 ) from the fuel saving 
(PW_𝑆𝑓𝑢𝑒𝑙,𝑗).  
The capital cost incurred included the investment costs of buying the materials and 
components used to construct the PVT-SAH systems, and the cost related to system 
fabrication and installation are given by Eq. (6.13) for the PVT-SAH with heat pipes 
and by Eq. (6.14) for the PVT-SAH with fins. 
𝐶𝑐𝑎 = (𝐶𝑔 + 𝐶𝑃𝑉 + 𝐶𝑏𝑠 + 𝐶𝑙𝑖𝑛𝑘 + 𝐶𝑝 + 𝐶𝑏 + 𝐶𝑓𝑖𝑛 + 𝐶𝑠𝑒𝑙𝑒 + 𝐶𝑢𝑠 + 𝐶𝑙𝑠
+ 𝐶ℎ𝑝) + 𝐶𝑓𝑎&𝑖𝑛𝑠 
(6.13) 
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𝐶𝑐𝑎 = (𝐶𝑔 + 𝐶𝑃𝑉 + 𝐶𝑝 + 𝐶𝑏 + 𝐶𝑓𝑖𝑛 + 𝐶𝑠𝑒𝑙𝑒) + 𝐶𝑓𝑎&𝑖𝑛𝑠 (6.14) 
The cost of components contained in Eq. (6.13) and Eq. (6.14) was estimated by 
multiplying the area or weight of the given component by its unit price. Except the glass 
covers and the copper-made heat pipes, the other structural components were fabricated 
with a steel sheet and the cost of these components was evaluated by their weights. The 
weights of the above-mentioned components can be determined from the design 
parameters of the PVT-SAH systems. The cost of PV panels (𝐶𝑃𝑉) and solar selective 
films (𝐶𝑠𝑒𝑙𝑒) was priced by the electrical capacity and dimensional area, respectively. 
The cost associated with the fabrication and installation (𝐶𝑓𝑎&𝑖𝑛𝑠 ) in Australia was 
assumed to be 130% (Shirazi et al., 2017) of the total cost of buying the materials and 
components for PVT-SAH systems. The methods to calculate the present worth of loan 
payment (𝑃𝑊_𝑃𝑙𝑜𝑎𝑛,𝑗), operation cost (𝑃𝑊_𝐶𝑜,𝑗 ), maintenance cost (𝑃𝑊𝐶𝑚,𝑗) , fuel cost 
saving (𝑃𝑊𝑓𝑢𝑒𝑙_𝑠𝑎𝑣𝑖𝑛𝑔) and the salvage value (𝑃𝑊𝑆𝑠𝑎) can be found in the literature, for 
example in Duffie and Beckman (2013), and were not therefore repeated here. 
6.2 Results and discussion 
6.2.1 Testing conditions 
The energy and economic performance of the PVT-SAH systems with heat pipes and 
with fins were evaluated under the climate conditions of Darwin City, Australia, where 
the climate is humid and hot, and cooling is needed throughout the year. The hot and 
humid climate provided great potentials for applying the proposed PVT-SAH systems 
to the desiccant cooling process. The typical-day weather conditions of each month 
are presented in Figure 6.2. It is noted that there are a few other regions and cities with 
the similar climates , e.g. Bangkok of Thailand, Sanya of China, Kolkata of India, Key 
West of the USA, etc., and the cost for construction and operation of the solar assisted 
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desiccant system in these areas could be different. However, the life-cycle cost analysis 
method presented in this study could be used to examine the potentials for applying 
the PVT-SAH assisted desiccant cooling system in these areas by incorporating the 
local cost factors and government regulatory policy into the analysis. 
 
 
Figure 6.2. Typical-day weather conditions of each month in Darwin, Australia, based on values 
supplied by the stats file of Thevenard (2009)  
The performance of the PVT-SAH with fins and PVT-SAH with heat pipes was 
evaluated for three levels of system lengths, i.e. short (4 meters), medium (10 meters) 
and long (16 meters). The values of the construction and operation costs used for 
economic analysis as well as the reference of the values are summarised in Table 6.1. 
The life cycle of the PVT-SAH system was assumed to be 20 years which was within 
the reasonable lifespan of the solar thermal systems that were used in other studies 
(Agrawal, B. and Tiwari, G.N., 2010; Kumar and Tiwari, 2009). It should be noted that 
there were uncertainties with regard to the lifespan of the system, in particular the 
failures of a single or multiple components of the PVT-SAH system could reduce its 
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electrical and thermal performance and shorten its lifespan. For example, occurrences 
of power failure, control problems, servicing and summer shutdown could cause no-
flow conditions in the air channel of the PVT-SAH, leading to high stagnation 
temperatures under the conditions of high radiation. The high stagnation temperatures 
could result in irreversible damages to PV cells and solar spectrally selective coatings 
(or paints) on the absorber plate and affect the solar optical properties of the insulation 
glazing. Besides, corrosion and hail damages as well as the moisture condensation 
under the glass cover were other important factors that influence the lifespan and long-
term performance of the PVT-SAH system. Such uncertainties however were not 
considered in this study. 
The future development of new photovoltaic technologies could have increased 
electricity conversion efficiency and reduced cost for practical applications (Polman 
et al., 2016). As the high-efficient and low-cost photovoltaic systems could generate 
more electricity, less amount of solar radiation will be converted into thermal energy 
which reduces the need for developing PVT systems for cooling the PV cells. On the 
other hand, it could be economically feasible to directly use the low-cost electricity 
generated from the PV systems to power heat pumps for space heating and cooling, 
which makes the application of thermal energy from the PVT-SAH for the desiccant 
cooling process less attractive. 
 
Table 6.1. Construction and operation cost parameters used for the economic analysis of the PVT-SAH systems. 
Construction cost parameters Unit Value 
Glass cover (thickness of 3 mm) A$/kg 9 (getquote, 2017) 
Steel sheet A$/kg 4 (SteelBuilders, 2017) 
Heat pipe A$/kg 9 (Alibaba, 2017) 
PV panel A$/m2 250 (SolarChoice, 2017) 
Insulation (R=4.0 𝑚2 ∙ 𝐾/𝑊) A$/m2 8 (Bunnings, 2017) 
Solar selective coating film A$/m2 30 (Alibaba, 2017) 
Fabrication and installation cost % of materials and 
components cost 
130 (Shirazi et al., 2017) 
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Operation cost parameters Unit Value 
Average inflation rate % 2.9 (Shirazi et al., 2017) 
Interest (discount) rate % 6 (Shirazi et al., 2017) 
Escalation rate of the electricity price % 3 (Shirazi et al., 2017) 
Average electricity price A$/kWh 0.22 (dodo, 2017) 
Annual maintenance cost  % of the capital cost 1.25 (Shirazi et al., 2017) 
6.2.2 Results from the energy performance analysis 
The optimal thermal performance and electrical performance are represented by the 
optimal Pareto Fronts obtained from the multi-objective design optimisation of the 
PVT-SAH with heat pipes and PVT-SAH with fins for different system lengths, and 
are presented in Figure 6.3 (a) to (c). The capital costs calculated for each design are 
also shown in Figure 6.3. The results for the energy performance of the PVT-SAH 
systems were then used to calculate the economic benefits as it will be discussed in the 
following sections. 
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Figure 6.3. Pareto Fronts obtained from the optimisation of the PVT-SAH systems with heat pipes and 
with fins and corresponding capital costs for each system for different lengths i.e. (a) 4 meters, (b) 10 
meters and (c) 16 meters. 
The optimal Pareto Fronts represented a hierarchy of the best possible trade-offs 
between the useful thermal efficiency and net electrical efficiency. It was found that, 
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for the same electrical efficiency, the PVT-SAH systems with heat pipes achieved a 
higher useful thermal efficiency than the PVT-SAH systems with fins. The useful 
thermal efficiencies of the PVT-SAH systems with heat pipes and with fins are 
summarised in Table 6.2.  
Table 6.2. Useful thermal efficiency of Pareto Fronts of the PVT-SAH with heat pipes and PVT-SAH with fins 
considering different system lengths. 
System Length 
Thermal efficiency 
PVT-SAH with fins 
PVT-SAH with heat 
pipes 
4 m 27.1-60.2% 33.5-67.2% 
10 m 31.0-61.7% 33.2-67.5% 
16 m 30.3-61.7% 27.6-69.2% 
 
Three candidate points (Option 1/Option 2/Option 3) which respectively represented 
the highest, equal weighting and lowest preference levels on the thermal energy, were 
marked in Figure 6.3 for each set of Pareto Fronts. The design specifications and 
performance of these chosen optimal candidate designs are summarised in Table 6.3. 
It was also noted that the useful thermal efficiency of few candidate designs of the heat 
pipe PVT-SAH with large electrical efficiencies dropped below the PVT-SAH systems 
with fins (Figure 6.3). This is because the designs with a higher net electrical efficiency 
correspond to a larger value of the PV covering factor (𝑟𝑝𝑣) which can be observed in 
Table 6.3. The increasing PV covering factor was reversely proportional to the width 
of the air channel of the PVT-SAH with heat pipes which in turn reduced the heat 
transfer area between the flowing air and condenser side of the heat pipes. 
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Table 6.3. Optimal design parameters and energy performance of the candidate designs of PVT-SAH systems with fins and with heat pipes. 
PVT-SAH systems with fins 
Candid
ate No. 
System 
Length 
(m) 
Priority 
on 
thermal 
energy 
gains 
Key design parameters Energy performance 
Channel 
depth 
𝐻𝑐ℎ𝑎𝑛𝑛𝑒𝑙 
(cm) 
 
Number of 
fins 
𝑁𝑓𝑖𝑛 
(-) 
 
Thickness of 
air gap  
𝐻𝑔𝑎𝑝 
(cm) 
 
PV 
covering 
factor  
𝑟𝑝𝑣 
(-) 
 
Air mass flow 
rate 
 ?̇?𝑓 
(kg/hr) 
 
PV reference 
efficiency 
𝜂𝑟𝑒𝑓,𝑝𝑣 
(%) 
 
Useful 
thermal 
efficiency 
𝜂𝑡ℎ 
(%) 
 
Net 
electrical 
efficiency 
𝜂𝑒𝑙𝑒 
(%) 
 
Average 
thermal 
capacity 
𝐸𝑡ℎ 
(kW) 
 
1 4 m Option 1 1.1 37 5.8 0 112 - 60.2 0 1.14 
2 Option 2 1.2 36 5.1 0.55 118 18 47.0 8.7 0.89 
3 Option 3 1.3 29 2.6 1 125 18 27.1 14.9 0.51 
4 10 m Option 1 1.1 56 5.9 0 295 - 61.7 -1.0 2.93 
5 Option 2 3.3 54 5.2 0.61 299 18 46.5 9.4 2.21 
6 Option 3 5.5 53 4.9 1 303 18 31.0 15.3 1.47 
7 16 m Option 1 1.9 50 5.9 0 416 - 61.7 -0.9 4.72 
8 Option 2 4.0 50 5.6 0.63 413 18 46.8 9.6 3.55 
9 Option 3 7.9 52 2.0 1 437 18 30.3 15.4 2.30 
Heat pipe integrated PVT-SAH systems 
Candid
ate No. 
System 
Length 
(m) 
Priority 
on 
thermal 
energy 
gains 
Key design parameters Energy performance 
Height of 
upper 
channel 
𝐻𝑢𝑝𝑝𝑒𝑟  
(cm) 
 
Height of 
lower 
channel 
𝐻𝑙𝑜𝑤𝑒𝑟  
(cm) 
 
Number 
of fins  
𝑁𝑓𝑖𝑛 
(-) 
 
Number 
of heat 
pipes  
𝑁ℎ𝑝 
(-) 
 
Thickness 
of 
connection 
layer 
𝐻𝑙𝑖𝑛𝑘 
(cm) 
  
PV 
covering 
factor  
𝑟𝑝𝑣 
(-) 
 
Air 
mass 
flow 
rate 
?̇?𝑓 
(kg/hr
) 
 
Diameter 
of heat 
pipes  
𝐷ℎ𝑝 
(cm) 
Useful 
thermal 
efficiency 
 𝜂𝑡ℎ  
(%) 
 
Net 
electrical 
efficiency 
𝜂𝑒𝑙𝑒   
(%) 
 
Average 
thermal 
capacity 
𝐸𝑡ℎ 
(kW) 
 
10 4 m Option 1 2.3 4.1 28 55 15 0.20 135 2.5 3.5 67.2 1.27 
11 Option 2 5.3 5.6 26 54 15 0.72 133 3.3 51.8 11.3 0.98 
12 Option 3 9.8 11.8 17 54 15 0.90 109 4.9 33.5 14.2 0.63 
13 10 m Option 1 2.1 5.6 33 91 15 0.20 300 3.9 67.5 2.3 3.20 
14 Option 2 4.8 8.9 18 97 15 0.53 271 4.1 57.6 8.8 2.73 
15 Option 3 9.9 12.7 10 110 15 0.90 220 5.9 33.2 14.2 1.57 
16 16 m Option 1 1.7 7.8 35 137 15 0.20 523 4.3 69.4 -0.9 5.27 
17 Option 2 7.6 11.4 31 134 15 0.48 363 5.4 59.5 8.0 4.52 
18 Option 3 9.6 15.5 17 131 15 0.90 152 7.9 27.6 13.4 2.09 
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6.2.3 Results from the economic analysis  
The 18 candidate designs considered were sized to meet a thermal demand of 5.5 kW 
and their economic performance was evaluated based on the three predefined 
economic indicators that were described in Section 6.1.3. It is worth to note that the 
ALCS was linearly dependent on the size of the PVT-SAH systems while the other 
two indicators (PBT and CCKT) were independent of the system size. 
The CCKT of the PVT-SAH systems with heat pipes and with fins are presented in 
Figure 6.4 (a). The candidate designs were grouped according to the type and length 
of the system. In each group, Option 3 showed the highest value of CCKT which was 
then followed by Option 2 and Option 1. This can be explained by the fact that the 
designs of Option 3 (with the highest preference on electricity gains) were optimised 
with larger values of the PV covering factor, channel depth and diameter of heat pipes, 
which in turn increased the size of the PV panel and other construction materials, hence 
increasing the capital cost. The PVT-SAH with fins performed better in terms of CCKT 
than the heat pipe designs and Option 1 of the PVT-SAH system with fins (i.e. the 
option that includes only a SAH) showed the lowest capital cost. 
As seen from Figure 6.4 (b), the PVT-SAH with fins showed a higher value of ALCS 
than the heat pipe PVT-SAH systems, and its minimum value of ALCS (A$4,864) was 
higher than the maximum value of ALCS of the heat pipe PVT-SAH systems 
(A$4,606). For heat pipe PVT-SAH systems, a dramatical drop of ALCS can be 
observed for Option 3 (high PV covering factor), especially for the system with the 
longest length. This is due to the significant increase in the capital cost (see Figure 6.3) 
introduced by the larger PV areas and the other components. Contrary to the heat pipe 
PVT-SAH, the candidate PVT-SAH with fins with a higher PV covering factor (Option 
2 and Option 3) performed better than the designs with a lower PV covering factor 
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(Option 1) with respect to the ALCS. The reason is that the increased fuel saving due 
to the electricity production from the PV panel was larger than the capital cost used 
for the installation of PV panels and other components.  
Figure 6.4 (c) shows the payback time of all the candidate designs considered in this 
study. It can be seen that the results followed the same trend as the CCKT results. The 
PBT of any design was shorter than the life cycle (20 years), particularly for Option 1 
of the PVT-SAH with fins with the system length of 4 m which had a PBT of 1.8 years. 
The maximum PBT was 16.8 years for Option 3 of the heat pipe integrated PVT-SAH 
with the system length of 16 m. The results showed that an investment on any of those 
18 designs can be paid back within an expected 20 years operation life of the system. 
In addition, the PVT-SAH with fins had approximately 50% shorter payback time than 
the PVT-SAH systems with heat pipes regardless of the system characteristics.  
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Figure 6.4. Economic performance of the 18 candidate designs of PVT-SAH systems (see Figure 6.3 
for the 18 selected designs) with respect to (a) CCKT, (b) ALCS and (c) PBT. 
6.2.4 Sensitivity analysis of the economic performance 
The sensitivity of the three economic indicators to the variation of an individual 
construction or operation cost parameter was evaluated by using the Monte Carlo 
simulation method. The variations of ±40% and ±50% were applied to the baseline 
values of the construction and operation cost parameters as listed in Table 6.1. The 
(a) 
(b) 
(c) 
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design of Option 2 of 4 m long PVT-SAH with fins was used for the sensitivity analysis 
and the results are presented in Figure 6.5 and Figure 6.6. 
From Figure 6.5 (a)-(b) it can be seen that the three economic performance indicators 
showed a linear relationship with the changes in the construction cost parameters. The 
fabrication & installation cost was the most influential parameter to all the three 
performance indicators which was then followed by the steel price, thickness of steel 
sheet and PV price, while the least influential factor was the cost of the selective 
coating film. CCKT and PBT variations were more sensitive to the assumptions for 
the construction cost parameters than the ALCS. It is noted that the economic 
performance of the PVT-SAH in this study was estimated without considering the 
influence of mass scale production. With the growing production volume, the cost per 
unit can be significantly decreased, hence the reduction in the initial cost examined in 
the sensitivity analysis can be respectively high. 
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Figure 6.5. Influence of various construction cost parameters on the economic performance of the 
system (a) ALCD and, (b) CCKT and PBT. 
The operation cost parameters influenced the incomes and expense of running the 
PVT-SAH systems in the operation stage. The electricity price per unit kWh and yearly 
escalation rate in electricity price determined how much fuel saving (income) can be 
achieved. The interest rate and inflation rate influenced the amount of the cost paid for 
the bank loan and the system maintenance respectively. Regarding ALCS, the most 
significant operation cost parameters were electricity price per unit kWh and the 
escalation rate in the electricity price. The resultant sensitivity for these two parameters 
was ±68% and ±10%, respectively, as seen from Figure 6.6 (a). This means that in 
the places where the electricity is more expensive, the application of PVT-SAH 
systems would be more economically feasible. The economic performance of the PVT-
(a) 
(b) 
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SAH system was, however, less sensitive to the inflation rate and the interest rate 
(discount rate) in comparison to the electricity price per unit kWh and the escalation 
rate in the electricity price. The increase of interest rate had negative effects on the 
ALCS with a sensitivity of ± 10%. The effect of inflation rate on the ALCS was 
negligible, because only maintenance cost was subject to the yearly inflation rate and 
the relevant cost was at a lower magnitude in comparison with the fuel savings and the 
other expenses. The electricity price was observed to be the most significant parameter 
for PBT. For lower electricity prices, the rate of increase in the PBT increased in a non-
linear way as shown in Figure 6.6 (b). 
 
Figure 6.6. Influence of operation cost parameters (inflation rate, escalation rate of the electricity 
price, interest rate and electricity price for every kWh on the economic performance (a) ALCD and, 
(b) PBT. 
(a) 
(b) 
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6.2.5 Uncertainty in the economic performance due to the combined effect of 
multiple parameters 
The construction and operation cost parameters affect the economic performance of 
the PVT-SAH systems at different stages of the life cycle and for this reason, the 
overall uncertainties in the economic performance due to the uncertainties in these two 
grouped parameters were analysed separately. For each candidate design, the Monte 
Carlo method (Robert et al., 2010) was employed to generate all possible combinations 
of either construction cost parameters or operation cost parameters with a sampling 
size of 500. The overall uncertainties in the ALCS, PBT and CCKT due to the 
combined impacts of construction cost parameters are respectively presented in Figure 
6.7 (a), (b) and (c) for different candidate designs that are indexed from 1 to 18. The 
index numbers were in accordance with the candidate number listed in Table 6.3. The 
length of the error bar represented the range of uncertainties.  
The range of overall uncertainties in the economic performances varied significantly 
across different candidate designs. For both heat pipe and finned PVT-SAH systems, 
the range of uncertainty in any of the performance indicators increased with greater 
PV covering factors (from Option 1 to Option 3). Overall, the PVT-SAH with fins 
(design 1 to 9 in Figure 6.7) showed a relatively smaller range of uncertainty compared 
to heat pipe PVT-SAH systems (design 10 to 18 in Figure 6.7). This means that the 
risks associated with investing on PVT-SAH systems with fins can be lower when the 
prices of component materials change significantly. The three lowest ranges of 
uncertainties with respect to the ALCS were found for Option 1 of PVT-SAH systems 
with fins (which are pure SAHs) with an uncertainty ranging from A$703 to A$491 
for the system length of 4 meters, A$626 to A$490 for system length of 10 meters and 
A$772 to A$592 for system length of 16 meters, respectively. The design of Option 3 
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of the heat pipe PVT-SAH systems was the most volatile with regard of ALCS, with 
the lower bound of the uncertainties to be A$3140, A$3855 and A$5212 respectively 
for the system length of 4, 10 and 16 meters. The negative values of ALCS meant the 
investments on the PVT-SAH systems in the Option 3 of PVT-SAH with heat pipes 
cannot be paid back within the life cycle period (20 years) and this is also shown in 
Figure 6.7 (b). Similar conclusions as those for the impact of uncertainties on ALCS 
were also drawn for the PBT and CCKT. 
  
 
Figure 6.7. Overall uncertainties in the (a) ALCS, (b) PBT, (c) CCKT due to the combined effects of 
construction cost parameters. 
(a) 
(b) 
(c) 
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The combined impacts of operation cost parameters that were included in Table 6.1 on 
the ALCS and PBT are shown in Figure 6.8. It can be observed from Figure 6.8 (a) 
that the ranges of the uncertainties caused by operation cost parameters were 
significantly larger than those by the construction cost parameters for all candidate 
designs considered. The lower values of ALCS of candidate designs 6, 9, 11, 12, 14, 
15 17 and 18 were below zero, and therefore the time needed to pay off the investments 
on these designs was longer than the period of the life cycle of the system. To reduce 
the economic risks due to the uncertainties and increase the possibility for profits, the 
candidate designs with the no. of 1, 2, 4, 5, 7, 8, 10, 13 and 16 (see Table 6.3) were 
recommended. The above results indicated that a low electricity price and high-interest 
rates could significantly reduce the economic feasibility of applying the PVT-SAH 
systems for the regeneration process of a desiccant wheel. 
 
Figure 6.8. Overall uncertainties in the (a) ALCS, (b) PBT due to the combined effects of operation 
cost parameters. 
(a) 
(b) 
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6.3 Summary 
This chapter presented an economic analysis on the application of the PVT-SAH 
systems with fins and with heat pipes for assisting in the operation of a desiccant 
cooling system. For this purpose, a multi-objective design optimisation strategy that 
was proposed in Chapter 5 was first employed to obtain six sets of Pareto Fronts for 
three different lengths of PVT-SAH systems. From the obtained sets of Pareto Fronts, 
a total of 18 candidate designs which have varying capabilities for producing the 
thermal energy and electricity were selected for the economic performance analysis. 
The life-cycle cost saving method and three economic indicators were employed to 
evaluate the economic feasibility of the candidate PVT-SAH designs. Regardless of 
the system length, the optimal designs of the heat pipe PVT-SAH systems performed 
better than the PVT-SAH with fins in terms of the useful thermal efficiency under the 
constraints of the same net electricity outputs (maximum useful thermal efficiency was 
in the range of 67.2-69.2% for the heat-pipe PVT-SAHs and 60.2-61.7% for the PVT-
SAH system with fins). The results showed that although the investments on all the 
candidate designs can be paid back within the timeframe of life cycle based on the 
construction and operation cost parameters that were covered in this study (between 
1.8 and 16.8 years), the PVT-SAH systems with heat pipes were less cost competitive 
than the PVT-SAH with fins. Sensitivity and uncertainty analysis were also performed 
to understand the influence of the key construction and operation cost parameters on 
the economic indicators as well as the risks associated with the investments on PVT-
SAH systems. From this analysis it was found that the economic performance of the 
PVT-SAH with fins was less sensitive to the changes of construction cost parameters 
in comparison to the PVT-SAH with heat pipes. In addition, the operation cost 
parameters such as electricity price, escalation rate in electricity price, interest rate and 
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inflation rate led to larger overall uncertainties in the results of economic indicators 
than the construction cost parameters. Among the operation cost parameters, the price 
of electricity was the most influential, which indicated that the investment on the PVT-
SAH systems could become economically unfeasible in areas with low electricity 
prices. Although larger aperture area of a PVT-SAH system can lead to a higher COP, 
significant increase in the capital cost is expected. To determine the optimal area of the 
PVT-SAH system from the economic point of view, a life-cycle cost analysis which 
takes account of both capital and operating costs is worthy of the future work. In 
addition, using PV panels to drive a heat pump system is another alternative 
technology for improving the building energy efficiency and the research for this 
hybrid technology has been reported in previous studies (Bellos and Tzivanidis, 2019; 
Liu et al., 2019). A comparison between a PVT-SAH assisted desiccant cooling system 
and this hybrid heat pump system with regards to their energy and economic 
performance would be another research topic that is worth future investigations.  
 
Chapter 7 
186 
 
Chapter 7:  Integrative modelling and optimisation of a desiccant 
cooling system assisted by a photovoltaic thermal-solar air 
heater 
In Chapters 4-6, the performance of stand-alone PVT-SAH systems has been 
investigated with regards to their technical and economic feasibility, while the 
application of PVT-SAH systems, particularly to assist rotary desiccant cooling 
systems, has not been studied. To have a better understanding of the benefits from 
integrating the proposed PVT-SAH systems into rotary desiccant cooling systems, it 
is essential to evaluate and optimise their energy performance, particularly in terms of 
electrical Coefficient of Performance (COP) and Solar Fraction. However, the 
evaluation and optimisation of the energy performance of solar-assisted desiccant 
cooling systems is a challenging task due to the dynamic behaviour of the components 
involved and the interactions among these components and the building. This chapter 
therefore presents the application of an integrated model of a rotary desiccant cooling 
system that is assisted by a PVT-SAH system and is coupled at each time step with a 
building model to enable the evaluation and optimisation of the overall system 
performance. A case study was undertaken to optimise the design of a PVT-SAH for 
maximising the electrical COP of the rotary desiccant cooling system. A further 
analysis on dynamic interactions between the PVT-SAH system and various 
components of the rotary desiccant cooling system as well as the resulted indoor air 
conditions was carried out. It is noted that the PVT-SAH with heat pipes was used in 
this chapter as an example to demonstrate the development of the simulation system 
and performance evaluation due to its better thermal and electrical performance 
compared to the PVT-SAH with fins. 
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This chapter is organised as follows. Section 7.1 presents a description of the rotary 
desiccant cooling system with a PVT-SAH that is linked with a building. Section 7.2 
provides the research methodologies used to develop the integrated model of the 
simulation system and conduct the performance test and optimisation. The results of 
the case studies undertaken for performance evaluations and optimisations are given 
in Section 7.3. Finally, a brief summary of the key findings is provided in Section 7.4.  
7.1 Description of the system 
7.1.1 Rotary desiccant cooling system assisted by a PVT-SAH  
An illustration of the solar assisted rotary desiccant cooling system is presented in 
Figure 7.1. The system consists of the following two subsystems: a PVT-SAH system 
and a desiccant cooling system, which is then linked with the conditioned zone space. 
The SAH is connected with the PVT in series with the air first flowing through the 
PVT and the combined system can generate high-temperature thermal energy for the 
regeneration process of the desiccant in a rotary desiccant wheel and electricity for 
providing power to the auxiliary electric heater.  
The process air in the desiccant wheel is first dehumidified (process 1-2 in Figure 7.1) 
by the desiccant and its dry-bulb temperature is increased. The dehumidified air is then 
cooled by exchanging the sensible heat with the relief air through a heat recovery unit 
(process 2-3 in Figure 7.1). Before entering the conditioned zone space, the process 
air passes through the indirect and direct evaporative coolers which are controlled to 
condition the process air to a desired dry-bulb temperature. The purpose of using the 
indirect evaporative cooler is to provide pre-cooling for the process air, in case the 
direct evaporative cooler cannot solely provide sufficient amount of cooling. On the 
regeneration side, the auxiliary electric heater will be activated when the thermal 
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energy generated from the PVT-SAH is not sufficient to remove the moisture from the 
desiccant wheel in order to guarantee that the set point humidity ratio at node 2 (Figure 
7.1) is met. At the outlet of the main air loop (node 5 in Figure 7.1), the cooling supply 
air is ducted to the office room (East) so that the cooling demand of the space is 
satisfied. The outdoor air mixing box is controlled by mixing a fraction of outside fresh 
air with the return air.  
 
Figure 7.1. Rotary desiccant cooling system assisted by a PVT-SAH. 
7.1.2 Control strategy  
A control strategy of the rotary desiccant cooling system assisted by a PVT-SAH was 
developed for providing the appropriate amount of cooling to satisfy the desired zone 
dry-bulb temperature and controlling the zone humidity within a reasonable range. It 
should be noted that alternative control strategies for similar systems were available in 
the literature, however a comparison between these control strategies was out of the 
scope of this study. 
If the zone return air temperature from the building at node 7 (in Figure 7.1) is higher 
than the space set point temperature (i.e. 22℃ in this case which is within the indoor 
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air temperature range for space cooling recommended by ASHRAE (2013a)), the 
system is activated to provide cooling to the conditioned spaces. In the cooling 
operation, a desired dry-bulb temperature of supply air at node 5 (Setpoint 1 in Figure 
7.1) is calculated at each time step based on the real-time sensible cooling loads and 
the design process airflow rate of the system.  
The outdoor air mixing box is controlled to provide outdoor air for ventilation and free 
cooling whenever possible with the fraction of the outdoor air controlled between 8% 
and 100%. The minimum fraction of outdoor air (i.e. 8%) in this study is determined 
to satisfy the minimum ventilation rate per person (8.5 L/s person) for an office 
building that is specified by ASHRAE (2010) which is calculated based on the number 
of occupants and the ventilation floor area. A high-limit shut off set point for the dry-
bulb temperature of the outdoor air (i.e. 18℃ which is recommended by ASHRAE 
(2013b) for hot and humid climates) is used to enable or disable the economiser control 
for the outdoor air mixing box. If the temperature is over the limit, the mass flow rate 
of the outdoor air is set to be minimum (8%). Otherwise, if the outdoor air dry-bulb 
temperature is less than 18oC, the controller will take the following actions:  
• if the outdoor air temperature is equal to or greater than the Setpoint 1 (in 
Figure 7.1), the outdoor airflow rate is controlled to be the maximum and the 
desiccant cooling system will further condition the process air (using only 
outdoor air) to the desired supply air temperature (Setpoint 1). 
• if the outdoor air temperature is less than the Setpoint 1, the outdoor air 
controller will modulate the outdoor airflow so that the mixed air temperature 
will match the set point temperature at node 5. As the outdoor air can 
sufficiently cover the cooling demand in this case, the desiccant cooling system 
is switched off.  
Chapter 7 
190 
 
The desiccant wheel is controlled to dehumidify the process air with a pre-set leaving 
humidity ratio (Setpoint 2 in Figure 7.1). It should be noted that there is not a feedback 
control for the relative humidity of the conditioned space. However, a humidity set 
point at node 2 (i.e. 0.006 kg/kg dry air in this study) is pre-determined by the 
simulation to guarantee the resultant relative humidity in the conditioned space is less 
than 65% for the conditioned hours throughout the year. Based on the performance 
model of the desiccant wheel, a PI controller is used to control the opening of the 
bypass damper 2 to modulate the fraction of the process air entering the desiccant 
wheel. If the humidity of the air leaving the desiccant wheel is higher than the set point 
under the full load operation, it indicates that the dehumidification capacity of the 
desiccant wheel is not sufficient to provide the leaving air with required humidity and 
in this case, the bypass duct is not used, and the leaving air is further ducted to the heat 
recovery unit.  
In the two-stage evaporative cooler components, the control is applied to the direct 
evaporative cooler (DEC) where the process air will be cooled by keeping the wet-
bulb temperature constant. If the air temperature leaving DEC is higher than the set 
point temperature (Setpoint 1 in Figure 7.1) under the full load operation, the relative 
humidity of the leaving air would be 100% and the process air cannot be further cooled. 
Otherwise, the bypass duct of the DEC is used and the fraction of the process air that 
enters the DEC is modulated to match the desired temperature (Setpoint 1). 
The operation and the above control strategy of the desiccant cooling system assisted 
by the PVT-SAH is presented in the flowchart illustrated in Figure 7.2. 
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Figure 7.2. Control strategy of the desiccant cooling system assisted by the PVT-SAH (𝑑1 and 𝑑2 is 
respectively the absolute humidity of node 1 and node 2 in Figure 7.1). 
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7.2 Research method 
7.2.1 Outline of the research method  
The research method consists of three main steps. In the first step, the models are 
developed to represent a centrally controlled desiccant cooling system that is assisted 
by a PVT-SAH system and is linked with the building.  
In the second step, the performance indicators of the desiccant cooling system assisted 
by the PVT-SAH are identified and a design optimisation on the PVT-SAH system is 
performed by Taguchi method for maximising the electrical Coefficient of 
Performance (COP) of the whole desiccant cooling system.  
In the third step, a performance evaluation of the desiccant cooling system assisted by 
PVT-SAH is performed by using the optimal configuration of the PVT-SAH system 
from the second step. In addition, a parametric study on the effects that the aperture 
area of the PVT-SAH system have on the performance of the proposed desiccant 
cooling system is conducted. The outline of the research method is illustrated in Figure 
7.3. 
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Figure 7.3. Outline of the research method of this study.  
7.2.2 Dynamic integrated system modelling 
7.2.2.1 Modelling structure and coupling of model components 
The model of the PVT-SAH system was developed in MATLAB because no pre-
existing models of the PVT-SAH that is used in this study existed in available 
simulation tools (see Chapter 4 and Section 7.2.2.3 for the description of the PVT-
SAH system), while the model of the desiccant cooling system was made with the 
existing components in EnergyPlus. The Building Controls Virtual Test Bed (BCVTB) 
(Wetter et al., 2008) was also used to achieve a time step coupling between the 
MATLAB model (PVT-SAH system) and the EnergyPlus model (desiccant cooling 
system and building model). BCVTB is a software environment that enables the time 
step coupling of several simulation programs for co-simulation. An overview of the 
coupling between the different models of this study is shown in Figure 7.4 together 
with the variables exchanged during the simulation. At each time step, the model of 
the desiccant cooling system in EnergyPlus firstly determines the required mass flow 
rate of the regeneration air. EnergyPlus will then send the mass flow rate, specific 
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weather data (i.e. dry-bulb temperature, absolute humidity and wind speed) and the 
calculated incident solar radiation flux on the building roof surface at each time step 
to the model of PVT-SAH system in MATLAB through the BCVTB. The PVT-SAH 
model will then predict the dry-bulb and wet-bulb temperatures of the outlet air and 
send them back to EnergyPlus. The data exchange between the MATLAB and the 
EnergyPlus takes place at every time step until the end of the simulation. 
 
Figure 7.4. Coupling between the PVT-SAH model and the desiccant model through using the 
BCVTB (where ∆𝑡 is the time intervals for each time step used in the simulation). 
7.2.2.2 Building model 
A commercial building (Figure 7.5) which consists of office and warehouse spaces is 
employed to test the application of the desiccant cooling system assisted by the PVT-
SAH. The office space (East) is served by the desiccant cooling system assisted by the 
PVT-SAH, while the other spaces are conditioned by ideally controlled HVAC 
systems to a fixed temperature set point (i.e. 26oC) and relative humidity (60%). All 
spaces are assumed to be occupied during working hours between 8 AM and 6 PM 
during which the spaces are conditioned by the HVAC systems. While in the after 
hours (between 6 PM to 8 AM), the HVAC system is assumed to be shut down. The 
𝑡 
𝑡 
𝑡 + ∆𝑡 𝑡 + ∆𝑡 
Chapter 7 
195 
 
glazed façade of the building is north facing, and the building is constructed with 
sufficient insulation. Some key specifications for the construction and operation of the 
building used for modelling are summarised in Table 7.1. The hourly schedules of the 
internal heat gains for each day (assuming the schedules for weekends are the same to 
weekdays) are presented in Figure 7.6. It is noted that the internal heat gains by 
occupants are calculated by multiplying the rated heat gain from each occupant (i.e 
150 W in this study (see Table 7.1)) with the activity level and the number of occupants 
(see Figure 7.6). 
 
Figure 7.5. Visualisation of the building. East office is served by the solar assisted desiccant cooling 
system. 
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Table 7.1. Specifications on the construction and operation of the building. 
Building construction specification 
Space Type Components R-value (𝒎𝟐𝑲/𝑾) 
Office rooms Roof 6.08 
External walls 3.04 
Ground floor 4.25 
Internal partitions 1.98 
Ceiling 1.36 
Internal floors 1.91 
Warehouses Roof 1.48  
External walls 1.73 
Ground Floor 4.25 
Internal Partitions 0.95  
Space dimensions 
Spaces Floor areas Space volumes 
Western and eastern office 
rooms 
68 and 136 m2 312 and 617 m3 
Warehouse 1 to 3 209, 209 and 212 m2 1798, 1810 and 1833 m3 
Glazing system 
U-value (𝑊/𝑚2𝐾) 4.5 
Solar heat gain coefficient (SHGC) 0.5 
Internal heat gains (Office rooms from 8 AM to 6 PM) 
Rated heat gain from each occupant 150 W/person 
Number of occupants in the office room (East) 7 (ASHRAE, 2013b) 
Number of occupants in other spaces 3 for each space 
Lighting power density 
8.7 W/m2 (ASHRAE, 
2013b) 
Equipment power density 
10.7 W/m2 (ASHRAE, 
2013b) 
Infiltration (air changes per hour) 0.2 ACH 
Heating/cooling thermostat (Office room (East)) 
Cooling thermostat 8 AM to 6 PM 22oC 
6 PM to 8 AM N/A (free running) 
Heating thermostat 8 AM to 6 PM 18oC 
6 PM to 8 AM N/A (free running) 
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Figure 7.6. Hourly schedules of internal heat gains for the commercial building. 
7.2.2.3 PVT-SAH system using heat pipes 
The double pass PVT-SAH system with heat pipes is used to supply thermal energy to 
regenerate the desiccant in a rotary desiccant wheel. The dynamic model of PVT-SAH 
with heat pipes that was presented in Chapter 4 is employed and it is coupled with the 
models of the other components in the desiccant cooling system by using BCVTB. 
7.2.2.4 Desiccant cooling system 
The major component models of the desiccant cooling system (i.e. desiccant wheel, 
indirect/direct evaporative cooler and sensible heat exchanger) used the default built-
in models in EnergyPlus. The built-in model of the rotary solid desiccant wheel was 
developed from the data correlations by Chau and Worek (1995) and can be used to 
determine the conditions of the leaving air (at node 2 in Figure 7.1), the load on the 
electric heater and the airflow rate of the regeneration air. The performance curves of 
the rotary desiccant wheel (e.g. default model in EnergyPlus) were valid for the range 
of the inlet process air temperature from 1.6 to 48.9℃ and humidity from 0.0028 to 
0.0286 g water/kg dry air, and are expressed in a generic form in Eq. (7.1): 
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𝑇𝑑𝑏,𝑜𝑢𝑡𝑙𝑒𝑡(℃) or 𝑑𝑜𝑢𝑡𝑙𝑒𝑡(𝑘𝑔 𝑘𝑔⁄ dry air) or 𝑉𝑟𝑒𝑔(𝑚 𝑠⁄ ) or 𝑄𝑟𝑒𝑔,𝑛𝑜𝑚𝑖𝑛𝑎𝑙(𝑘𝐽 𝑘𝑔⁄ water removed)
= 𝐶1 + 𝐶2 ∗ 𝑇𝑑𝑏,𝑖𝑛𝑙𝑒𝑡 + 𝐶3 ∗ 𝑇𝑑𝑏,𝑖𝑛𝑙𝑒𝑡
2 + 𝐶4 ∗ 𝑑𝑖𝑛𝑙𝑒𝑡 + 𝐶5 ∗ 𝑑𝑖𝑛𝑙𝑒𝑡
2 + 𝐶6
∗ 𝑉𝑝𝑟𝑜𝑐𝑒𝑠𝑠 + 𝐶7 ∗ 𝑉𝑝𝑟𝑜𝑐𝑒𝑠𝑠
2 + 𝐶8 ∗ 𝑇𝑑𝑏 ∗ 𝑑𝑖𝑛𝑙𝑒𝑡 + 𝐶9 ∗ 𝑇𝑑𝑏
2 ∗ 𝑑𝑖𝑛𝑙𝑒𝑡
2 + 𝐶10 ∗ 𝑇𝑑𝑏
∗ 𝑉𝑝𝑟𝑜𝑐𝑒𝑠𝑠 + 𝐶11 ∗ 𝑇𝑑𝑏
2 ∗ 𝑉𝑝𝑟𝑜𝑐𝑒𝑠𝑠
2 + 𝐶12 ∗ 𝑑𝑖𝑛𝑙𝑒𝑡 ∗ 𝑉𝑝𝑟𝑜𝑐𝑒𝑠𝑠 + 𝐶13 ∗ 𝑑𝑖𝑛𝑙𝑒𝑡
2
∗ 𝑉𝑝𝑟𝑜𝑐𝑒𝑠𝑠
2 + 𝐶14 ∗ log(𝑇𝑑𝑏) + 𝐶15 ∗ log(𝑑𝑖𝑛𝑙𝑒𝑡) + 𝐶16 log(𝑉𝑝𝑟𝑜𝑐𝑒𝑠𝑠) 
(7.1) 
where 𝑇𝑑𝑏,𝑖𝑛𝑙𝑒𝑡  and 𝑑𝑖𝑛𝑙𝑒𝑡  are the dry-bulb temperature and absolute humidity of 
process air at the inlet of the desiccant wheel, and 𝑉𝑝𝑟𝑜𝑐𝑒𝑠𝑠 is the velocity of the process 
air in the desiccant wheel. Using different sets of the coefficient values (𝐶1 -𝐶16 ) 
contained in Eq. (7.1), the conditions of the process air at the outlet of the desiccant 
wheel (i.e. dry-bulb temperature ( 𝑇𝑑𝑏,𝑜𝑢𝑡𝑙𝑒𝑡 ), absolute humidity ( 𝑑𝑖𝑛𝑙𝑒𝑡 )), the 
regeneration air velocity in the regeneration side of the desiccant wheel (𝑉𝑟𝑒𝑔) and the 
specific regeneration energy ( 𝑄𝑟𝑒𝑔,𝑛𝑜𝑚𝑖𝑛𝑎𝑙 )) can be calculated respectively. The 
regeneration energy (𝑄𝑟𝑒𝑔𝑒𝑛,𝑛𝑜𝑚𝑖𝑛𝑎𝑙) calculated by Eq. (7.1) is based on the nominal 
regeneration temperature (120℃ ), and therefore adjustments on the resulted values 
need to be made to consider different regeneration air temperatures from the PVT-SAH 
by the following expression (Chau and Worek, 1995): 
𝑄𝑟𝑒𝑔𝑒𝑛 = 𝑄𝑟𝑒𝑔𝑒𝑛,𝑛𝑜𝑚𝑖𝑛𝑎𝑙 ∙
(𝑇𝑛𝑜𝑚𝑖𝑛𝑎𝑙 − 𝑇10)
(𝑇𝑛𝑜𝑚𝑖𝑛𝑎𝑙 − 𝑇𝑑𝑏,𝑖𝑛𝑙𝑒𝑡)
 (7.2) 
where 𝑇10 is the temperature of outlet air of the PVT-SAH (node 10 in Figure 7.1). 
The regeneration mass airflow rate is determined by Eq. (7.3): 
?̇?𝑟𝑒𝑔 = ?̇?𝑝𝑟𝑜𝑐𝑒𝑠𝑠 ∗
𝑉𝑟𝑒𝑔
𝑉𝑝𝑟𝑜𝑐𝑒𝑠𝑠
∗
𝜃𝑟𝑒𝑔
𝜃𝑝𝑟𝑜𝑐𝑒𝑠𝑠
 (7.3) 
where ?̇?𝑟𝑒𝑔 and ?̇?𝑝𝑟𝑜𝑐𝑒𝑠𝑠 are the mass flow rate of the regeneration air and process air, 
and 𝜃𝑟𝑒𝑔 and 𝜃𝑝𝑟𝑜𝑐𝑒𝑠𝑠 are the face angle of regeneration air side and process air side of 
the desiccant wheel respectively.  
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 In addition, the desiccant wheel incorporates a bypass damper to modulate the fraction 
of process air entering the desiccant wheel so that the leaving humidity set point can 
be met when the desiccant wheel is working under part-load conditions. More detalis 
of the desiccant wheel model as well as the values of the coefficients used in Eq. (7.1) 
can be found in Chau and Worek (1995) and Department of Energy (2010b). 
In the direct evaporative cooler (DEC), the change of psychometric conditions of the 
process air follows a constant enthalpy line (adiabatic heat and mass transfer process) 
and the leaving air temperature can be determined from the entering psychometric 
conditions and saturation efficiency (𝜀𝑠𝑒): 
𝑇𝑑𝑏,4 = 𝑇𝑑𝑏,3 − 𝜀𝑠𝑒 ∙ (𝑇𝑑𝑏,3 − 𝑇𝑤𝑏,3) (7.4) 
The other psychrometric conditions (i.e. humidity and wet-bulb temperature) can be 
determined by the equations provided by Al-Nimr et al. (2002). With the specified 
nominal saturation efficiency (at the design airflow rate (?̇?𝑑𝑒𝑠𝑖𝑔𝑛 )), the saturation 
efficiency (𝜀𝑠𝑒) at a different airflow rates (?̇?𝑎𝑖𝑟) can be determined by applying an 
effectiveness modifier curve (Eq. (7.5)). The effectiveness modifier curve (𝑓𝑚𝑜𝑑) was 
derived from experimental data on the performance of an evaporative cooler that was 
provided by Department of Energy (2010a). In addition, to prevent the overcooling of 
the process air, a bypass damper is controlled to modulate the fraction of the process 
air entering the DEC so that the the mixed air at the outlet of DEC satisfies the set 
point temperature. 
𝑓𝑚𝑜𝑑 = −0.0063 ∗ (
?̇?𝑎𝑖𝑟
?̇?𝑑𝑒𝑠𝑖𝑔𝑛
)
3
+ 0.037 ∗ (
?̇?𝑎𝑖𝑟
?̇?𝑑𝑒𝑠𝑖𝑔𝑛
)
2
− 0.106 ∗
?̇?𝑎𝑖𝑟
?̇?𝑑𝑒𝑠𝑖𝑔𝑛
+ 1.09 
(7.5) 
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In the IDEC, a secondary air stream is acting as a heat sink for the process air. In the 
meantime, the water is directly sprayed to the outside surface of the heat exchanger 
where latent cooling takes place. The leaving temperature of the process air from the 
IDEC can also be determined by Eq. (7.4), while the saturation efficiency (𝜀𝑠𝑒) in this 
case is replaced with the cooling efficiency (𝜀𝐼𝐷𝐸𝐶) which is a function of the maximum 
cooling efficiency (𝜀𝑚𝑎𝑥 ), supply airflow rate (?̇?𝑝𝑟𝑜 ) and secondary airflow rate 
(?̇?𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦) (Department of Energy, 2010a): 
𝜀𝐼𝐷𝐸𝐶 = 𝜀𝑚𝑎𝑥 − 0.16 × (
?̇?𝑝𝑟𝑜𝑐𝑒𝑠𝑠
?̇?𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦
) (7.6) 
7.2.3 Performance indicators 
Two performance indicators, i.e. electrical Coefficient of Performance (COP) and 
Solar Fraction (SF), were used to evaluate the performance of the desiccant cooling 
system that is assisted by the PVT-SAH. 
The electrical COP is defined as the ratio of the accumulated heat removed from the 
conditioned spaces to the total amount of the net electricity used for operating the 
desiccant cooling system assisted by the PVT-SAH for a period of time and it is given 
by the following equation: 
electrical COP =  
∑𝑄𝑖𝑐
∑𝑄𝑛𝑒𝑡−𝑒𝑙𝑒
 (7.7) 
where 𝑄𝑖𝑐 is the instantaneous heat removed from the spaces which is calculated as the 
enthalpy difference between the supply air (node 5 in Figure 7.1) and the return air 
(node 7 in Figure 7.1); the calculation of net electricity consumption  (𝑄𝑛𝑒𝑡−𝑒𝑙𝑒 ) 
considers the electricity consumption of the auxiliary electric heater (𝑄ℎ𝑒𝑎𝑡𝑒𝑟), and 
other auxiliary equipment (𝑄𝑎𝑢𝑥𝑖𝑙𝑖𝑎𝑟𝑦) as well as the electricity generation from the 
PVT-SAH (𝑄𝑒𝑙𝑒,𝑃𝑉𝑇). The energy consumption by the auxiliary equipment includes 
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the fan power used to drive the flowing air in the PVT-SAH air channel and in the 
main air circulation loop, and the pumping power used in the direct/indirect 
evaporative coolers. The expressions of 𝑄𝑖𝑐 and 𝑄𝑛𝑒𝑡−𝑒𝑙𝑒 are given in Eqs. (7.8)-(7.9). 
𝑄𝑖𝑐 = ?̇?1 (ℎ5 − ℎ7) (7.8) 
 
𝑄𝑛𝑒𝑡−𝑒𝑙𝑒 = 𝑄ℎ𝑒𝑎𝑡𝑒𝑟 + 𝑄𝑎𝑢𝑥𝑖𝑙𝑖𝑎𝑟𝑦 − 𝑄𝑒𝑙𝑒,𝑃𝑉𝑇 (7.9) 
in which 
𝑄ℎ𝑒𝑎𝑡𝑒𝑟 = ?̇?10(ℎ11 − ℎ10) (7.10) 
The subscripts 1, 5, 7, 9, 10 and 11 in the above equations as well as in the following 
equations stand for the node numbers shown in Figure 7.1.  
Solar Fraction (SF) is defined as the ratio of the energy production from the PVT-SAH 
system (𝑄𝑃𝑉𝑇−𝑆𝐴𝐻) to the total energy consumption of the cooling system for a period 
of time: 
SF =
∑𝑄𝑃𝑉𝑇−𝑆𝐴𝐻
∑(𝑄𝑡ℎ,𝑃𝑉𝑇−𝑆𝐴𝐻 + 𝑄ℎ𝑒𝑎𝑡𝑒𝑟 + 𝑄𝑎𝑢𝑥𝑖𝑙𝑖𝑎𝑟𝑦)
=
∑(?̇?10(ℎ10 − ℎ9) + 𝑄𝑒𝑙𝑒,𝑃𝑉𝑇)
∑(?̇?10(ℎ10 − ℎ9) + 𝑄ℎ𝑒𝑎𝑡𝑒𝑟 + 𝑄𝑎𝑢𝑥𝑖𝑙𝑖𝑎𝑟𝑦)
 
(7.11) 
It is worth to note that the equations of electrical COP and SF are formulated based on 
the assumption that the amount of energy consumed by the desiccant cooling system 
is higher than the energy generation from the PVT-SAH system. In the cases where the 
electricity generation from the PVT-SAH is more than the amount of electricity 
required to operate the other componnets in the desiccant cooling system, the 
electricity surplus (𝑄𝑒𝑙𝑒,𝑠𝑢𝑟𝑝𝑙𝑢𝑠) given by Eq. (7.12) could be used as a measure of the 
system’s performance. 
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𝑄𝑒𝑙𝑒,𝑠𝑢𝑟𝑝𝑙𝑢𝑠 = ∑(𝑄𝑒𝑙𝑒,𝑃𝑉𝑇 − 𝑄ℎ𝑒𝑎𝑡𝑒𝑟 + 𝑄𝑎𝑢𝑥𝑖𝑙𝑖𝑎𝑟𝑦) (7.12) 
 
7.2.4 Design optimisation of the PVT-SAH system 
Although the components contained in a desiccant cooling system (e.g. desiccant 
wheel, auxiliary heater and evaporative cooler. etc) have been commercially available 
in the market, there were no standard commercial products of PVT-SAH systems 
available. The PVT-SAH system has a large number of design parameters that could 
influence its outlet air temperature and electricity generation and the temperature of 
outlet air of the PVT-SAH has a significant impact on the regeneration process of the 
desiccant. Therefore, it is essential to optimise the design of PVT-SAH system to 
maximise the energy efficiency of the desiccant cooling system. The following five 
design parameters of the PVT-SAH system were optimised: 1) the total length of the 
PVT-SAH (𝐿𝑃𝑉𝑇−𝑆𝐴𝐻); 2) the lower air channel depth (𝐻𝑙𝑜𝑤𝑒𝑟); 3) the pitch distance 
between two consecutive heat pipes (∆𝑥); 4) the PV covering factor; and, 5) the 
number of fins in the upper air channel. These parameters were identified as the 
significant parameters through a global sensitivity study that was conducted in Chapter 
5. The PV covering factor is defined as the ratio of the aperture area of the PV plate to 
the total area of the PVT-SAH system (𝑊𝑃𝑉 (𝑊𝑃𝑉 + 𝑊𝑆𝐴𝐻)⁄ ). The pitch distance is 
defined as the centre distance between two consecutive heat pipes. The energy 
efficiency and operating cost of the cooling system were directly dependent on its 
electrical COP. The optimisation objective was therefore to maximise the electrical 
COP of the desiccant cooling system (as defined in Section 7.2.3) and the Taguchi 
method was employed for this purpose. 
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The Taguchi method can obtain the near optimal design by initiating a series of 
simulation trials and analysing the main effects of the design parameters with the 
standard orthogonal array. Each of the five design parameters of the PVT-SAH system 
had four design levels for the optimisation. The advantage of the Taguchi method is 
that it significantly reduces the number of simulations. Based on the number of design 
parameters (five design parameters) and the number of parameter levels (four levels), 
the 𝐿16  orthogonal array (as shown in Table 7.2) is employed in this study which 
requires 16 simulation trials to be performed. Each row in the orthogonal array (Table 
7.2) stands for an individual set of design parameters. For each level number 
(represented by 1, 2, 3 or 4) in the orthogonal array (Table 7.2), the corresponding 
value of the specific design parameter can be found in Table 7.3.  
Table 7.2. Layout of the simulation design using L16 orthogonal array. 
Trial 
No. 
System 
length 
PV covering 
factor 
Number of fins Channel 
depth 
Pitch distance 
1 1 1 1 1 1 
2 1 2 2 2 2 
3 1 3 3 3 3 
4 1 4 4 4 4 
5 2 1 2 3 4 
6 2 2 1 4 3 
7 2 3 4 1 2 
8 2 4 3 2 1 
9 3 1 3 4 2 
10 3 2 4 3 1 
11 3 3 1 2 4 
12 3 4 2 1 3 
13 4 1 4 2 3 
14 4 2 3 1 4 
15 4 3 2 4 1 
16 4 4 1 3 2 
 
Table 7.3. Value of different levels of the key design parameters. 
Level System 
length (m) 
PV covering 
factor (%) 
Number of 
fins 
Channel 
depth (m) 
Pitch 
distance (m) 
Level 1 4 20 70 0.03 0.05 
Level 2 8 50 50 0.05 0.10 
Level 3 12 70 30 0.07 0.15 
Level 4 16 90 10 0.1 0.20 
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7.3 Results and discussion 
7.3.1 Testing conditions 
The annual performance of the rotary desiccant cooling system assisted by the PVT-
SAH in terms of electrical COP and Solar Fraction was evaluated under the climate 
conditions of Darwin city in Australia where space cooling is required throughout the 
year. The maximum monthly dry-bulb temperature in Darwin varies between 33 and 
39.8C and the maximum monthly relative humidity varies between 94 and 100%. The 
hot and humid climate conditions of Darwin make it suitable for the application of the 
desiccant cooling system that is assisted by the PVT-SAH. The TMY2 weather profile 
of Darwin was used for the simulations. The PVT-SAH system was assumed to be 
mounted on the roof of the reference building. Electricity generation occurred when 
solar radiation was available, while the useful thermal energy can only be collected 
when the desiccant cooling system was in operation (8 AM-6 PM). The absorber plate 
of the SAH part in the PVT-SAH system was laminated with a layer of solar selective 
coating (solar absorptivity and emissivity of 0.95 and 0.05 respectively) so that the 
absorption of the incident solar radiation can be maximised while the radiant thermal 
loss can be minimised. The PVT-SAH system was comprised of a number of PVT-
SAH modules that were connected in parallel with each module being 1m wide. The 
number of PVT-SAH modules was calculated as the ratio of the total aperture area of 
the PVT-SAH system to the aperture area of a single PVT-SAH module. Typical values 
from previous studies were used (Table 7.4) for the pressure drops caused by air 
flowing through various components of the desiccant cooling system. These values 
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depend on the design and length of the ducting system and the ducting component but 
the uncertainties on the variability of these values were out of the scope of this study.  
The time step airflow rates of the supply air that were required to satisfy the cooling 
load of the Eastern office room was calculated under the summer design days that were 
specified by the “ASHRAE climatic design conditions 2009” handbook (Thevenard, 
2009) and by assuming a fixed supply dry-bulb air temperature of 16C. The maximum 
airflow rate occurring at the time of maximum cooling load was determined to be the 
design supply airflow rate of 0.88 kg/s for the office room (East). The parameter 
values of various system components that were used as constants in this study are 
specified in Table 7.4. 
Table 7.4. Specifications of the parameters of the components of the PVT-SAH assisted desiccant cooling system. 
Component Parameter Value and source 
PVT-SAH module Width 1m per module 
 Total aperture areas 64 m2 
 Emissivity of the absorber plate 0.05 
 Absorptivity of the PV plate 0.9 
 Air gap between the glass cover and 
PV plate 
0.025m 
 Diameter of the heat pipe 0.025 m 
 PV reference efficiency 18% 
Desiccant wheel Nominal process air velocity 2.5 m/s (Chau and Worek, 
1995) 
 Area ratio of process air to 
regeneration airside 
3:1 (Chau and Worek, 1995) 
 Rotor Power 100 W 
 Leaving humidity ratio set point 0.006 kg/kg dry air 
 Air side pressure drop 109 Pa (De Antonellis et al., 
2010) 
Heat recovery unit effectiveness 0.8 (White et al., 2009) 
 Process air side pressure drop 100 Pa 
Indirect evaporative 
cooler 
Maximum cooling efficiency 0.8 (Department of Energy, 
2010a) 
 Flow efficiency ratio 0.15 
 Flow ratio of Primary air to Secondary 
air 
1.25:1 (Heidarinejad et al., 
2009) 
 Recirculation water pump power 
consumption 
80W/(𝑚3 𝑠⁄ secondary air) 
(Department of Energy, 2010b) 
 Secondary air pressure drops  100 Pa (Duan et al., 2012) 
 Primary air pressure drops 500 Pa (Duan et al., 2012) 
Direct evaporative 
cooler 
Design Wet-bulb effectiveness 0.9 (Duan et al., 2012) 
 Design primary airflow rate 0.88 kg/s 
 Primary air pressure drops 500 Pa (Duan et al., 2012)  
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 Recirculation water pump power 
consumption 
80W/(𝑚3 𝑠⁄  process air) 
(Department of Energy, 2010b) 
 
7.3.2 Results of the optimisation 
The results of the simulation trials, as organised in the orthogonal array (Table 7.2), 
are listed in Table 7.5. It was found that the electrical COP of the desiccant cooling 
system was significantly influenced by the configuration of the PVT-SAH system and 
varied largely from 0.5 to 15.1. These results justified the need for optimisation of this 
hybrid PVT-SAH desiccant cooling system. 
Table 7.5. Electrical COP results from the optimisation 
Trial 
No. 
Length 
(m) 
PV covering 
factor (%) 
Number of 
fins (-) 
Channel 
depth (m) 
Pitch 
distance 
(m) 
Electrical 
COP 
1 4 20 70 0.03 0.05 1.8 
2 4 50 50 0.05 0.1 10.2 
3 4 70 30 0.07 0.15 9.5 
4 4 90 10 0.1 0.2 0.6 
5 8 20 50 0.07 0.2 2.0 
6 8 50 70 0.1 0.15 11.1 
7 8 70 10 0.03 0.1 2.6 
8 8 90 30 0.05 0.05 1.9 
9 12 20 30 0.1 0.1 3.5 
10 12 50 10 0.07 0.05 8.5 
11 12 70 70 0.05 0.2 15.1 
12 12 90 50 0.03 0.15 2.1 
13 16 20 10 0.05 0.15 2.8 
14 16 50 30 0.03 0.2 4.6 
15 16 70 50 0.1 0.05 6.2 
16 16 90 70 0.07 0.1 1.2 
 
Based on the results from Table 7.5, the average effect of the the individual design 
parameter on the electrical COP is presented in Figure 7.7. The optimum combination 
of the design parameters levels can be identified in Figure 7.7, by selecting the levels 
with the highest electrical COP. The identified optimal values of the system were: 12 
m for length, 50% for PV covering factor, 70 for number of fins, 0.05 m for channel 
depth and 0.15 m for pitch distance. It was found that the PVT-SAH system with a 
median value of PV covering factor and a larger number of fins had a higher electrical 
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COP. The median values of channel depth (Level 2) amd pitch distance (Level 3) were 
identified to be optimal. Higher or lower values of the channel depth and pitch distance 
can lead to a lower thermal efficiency of PVT-SAH or higher amount of electricity 
consumption of the fan to overcome the pressure drop in the air channel. The resultant 
lower energy performance of the PVT-SAH will increase the electrical load on the 
auxiliary electric heater to provide the required regeneration energy and thus resulted 
in lower electrical COP of the desiccant cooling system. 
 
Figure 7.7. Main effects of the design parameters on the electrical COP. 
7.3.3 Performance analysis of the desiccant cooling system assisted by PVT-SAH. 
Based on the optimal combination of the design parameters identified in Section 7.3.2, 
the annual performance of the desiccant cooling system assisted by PVT-SAH was 
evaluated and analysed. In the meantime, a separate case study for simulating the room 
air conditions of the same building without being served by any air conditioning 
system was conducted for comparison purposes. In the case without an air conditioing 
system, the office rooms operative temperature and relative humidity were scattered 
over large ranges (orange data points in Figure 7.8). On the other hand, these 
conditions in the office rooms for the case with the desiccant system conditioning the 
spaces were kept within relatively small ranges (blue data points in Figure 7.8). Among 
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the data presented, for 95% of the daytime hours, the indoor operative temperature was 
between 22℃ and 24.1℃. The above results indicated that the configuration and the 
control strategy of the desiccant cooling system that is assisted by PVT-SAH was 
capable to handle both the sensible and latent loads. 
 
Figure 7.8. Indoor operative temperature and relative humidity of the office room (East). 
The annual amounts of thermal energy and electricity produced from the optimal 
design of PVT-SAH system were 350.6 and 48.8 GJ respectively and the monthly 
outputs are presented inTable 7.6. Larger amounts of thermal energy (𝑄𝑡ℎ,𝑃𝑉𝑇−𝑆𝐴𝐻) 
and electricity (𝑄𝑒𝑙𝑒,𝑃𝑉𝑇) were generated from May to November than the other months. 
FromTable 7.7, the heat removed from the conditioned spaces (𝑄𝑐𝑜𝑜𝑙) was calculated 
as the enthalpy difference between the return air and the supply air with the annual 
amount being 73.2 GJ. The annual electriccity consumption by the auxiliary heater 
was calculated as 41.2 GJ. The monthly electrical load on the auxiliary electric heater 
(𝑄ℎ𝑒𝑎𝑡𝑒𝑟) varied significantly from month to month, mostly because of the variations 
of the outdoor air humidity, dehumidification load and the amount of the thermal 
energy generated from the PVT-SAH system at the given month. Based on the amounts 
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of heat removed from the conditioned spaces and the net electricity consumption, the 
electrical COP was calculated as 19.8 over the whole year with the annual Solar 
Fraction to be 96.6%. It was found that the system under investigation performed better 
than a typical conventional vapour compression air conditioning system for 
commercial buildings with respect to the electrical COP the value of which is often 
reported to be between 2.6 and 3.0 (Riffat and Qiu, 2004). It was noted that the monthly 
energy consumption of the desiccant cooling system (including regeneration, pumping 
and fan power consumption) between May and October can be totally covered by the 
amount of thermal energy and electricity generated from the PVT-SAH, with the 
electricity surplus (𝑄𝑒𝑙𝑒,𝑠𝑢𝑟𝑝𝑙𝑢𝑠) in the range of 0.5 to 1.9 GJ/month. For the months 
with the electricity surplus (𝑄𝑒𝑙𝑒,𝑠𝑢𝑟𝑝𝑙𝑢𝑠), the electrical COP was not suitable to be a 
performance indicator and the Solar Fractions for these months were 100%. 
Table 7.6. Monthly thermal and electrical performance of the optimal design of the PVT-SAH system. 
Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 
𝑄𝑠𝑜𝑙𝑎𝑟 
(GJ) 
49.2 49.3 53.0 54.6 60.3 56.6 58.8 62.3 66.9 64.8 61.0 47.7 684.9 
𝑄𝑡ℎ𝑒𝑟 
(GJ) 
26.3 26.0 28.5 28.4 33.9 27.2 30.8 32.1 33.5 30.7 29.9 23.1 350.6 
𝑄𝑒𝑙𝑒,𝑃𝑉𝑇 
(GJ) 
3.6 3.6 3.9 3.9 4.7 4.2 4.4 4.5 4.6 4.1 4.0 3.2 48.8 
 
Table 7.7. Monthly performance of the desiccant cooling system assisted by the optimal design of PVT-SAH 
system. 
Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annu
al 
𝑄𝑐𝑜𝑜𝑙 
(GJ) 
5.0 5.1 5.4 6.6 7.6 7.5 7.3 6.8 6.0 5.3 5.4 5.1 73.2 
𝑄ℎ𝑒𝑎𝑡𝑒𝑟(G
J) 
5.1 5.4 5.0 4.1 2.8 1.4 1.8 1.9 2.6 2.7 3.7 4.8 41.2 
𝑄𝑎𝑢𝑥𝑖𝑙𝑖𝑎𝑟𝑦
(GJ) 
0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 
11.3
4 
Energy performance 
COP 2.1 1.9 2.6 5.9 N/A N/A N/A N/A N/A N/A 8.34 2.0 19.8 
SF (%) 92.5 91.5 94.0 96.6 100 100 100 100 100 100 98.1 91.3 96.6 
𝑄 𝑒𝑙𝑒,𝑠𝑢𝑟𝑝𝑙𝑢𝑠 
(GJ) N/A N/A N/A N/A 1.0 1.9 1.6 1.7 1.1 0.5 N/A N/A N/A 
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The interactions among the components of the desiccant cooling system, the node 
temperature and humidity of the desiccant cooling system for a selected peak cooling 
period (from 28 May to 1 June) can be seen in Figure 7.9. This Figure shows that 
during working hours the office room temperature was controlled between 22 to 23.1℃ 
(Figure 7.9 (a)). The deviation of the office room temperature from the set point (22℃) 
is due to the insufficient cooling capacity of the cooling system which indicated that 
the process air from the outlet of the direct evaporative cooler had reached the wet-
bulb temperature (saturated air). Increasing the design supply airflow rate or reducing 
the leaving air humidity set point of the desiccant wheel could be a solution to improve 
the cooling capacity of the system. The supply air temperature was controlled between 
11.6 to 18.0℃ to meet the varying cooling load. As the dehumidification process is 
adiabatic, the leaving air temperature (24.2 to 37.7℃) of the desiccant wheel increased 
significantly in comparison to the temperature of the inlet air (22.1 to 24.3℃). The 
humidity at the outlet of the desiccant wheel was controlled and there was not a 
feedback control that responds to the change of the humidity of the office room. The 
humidity in the room was a result of the latent load, the humidity set point of the outlet 
of the desiccant wheel and the efficiencies of the indirect and direct evaporative cooler. 
It can be seen from Figure 7.9 (b) that the indoor humidity ranged from 0.0063 to 
0.0101 kg/ (kg dry air) for the selected periods. The humidity difference between the 
desiccant inlet air and the office room air (which has the same humidity with the return 
air) was influenced by the fraction of the outdoor fresh air mixed in the process air 
stream. The dehumidification load of the desiccant wheel varied from 0.0010 to 0.0048 
kg/ (kg dry air) for the periods selected. Increasing the fraction of outdoor air or the 
number of occupants will increase the dehumidification load on the desiccant wheel 
and thus requires more regeneration energy. 
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Figure 7.9. Node temperatures and humidity ratios of the desiccant cooling system assisted by PVT-
SAH (28/May - 1/June). 
To demonstrate how the PVT-SAH system assists the operation of a desiccant cooling 
system, the instantaneous outlet air temperature of the PVT-SAH system, regeneration 
air temperature, electricity generation by the PVT-SAH and the electricity 
consumption of the auxiliary heater for the period from 28 May to 1 June are presented 
in Figure 7.10 and Figure 7.11. From Figure 7.10, in the noon hours when the outlet 
air temperature of the PVT-SAH exceeded the nominal regeneration temperature (i.e. 
120℃) the outlet air of PVT-SAH was directly used to regenerate the desiccant while 
(a) 
(b) 
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for other hours of the day the outlet air was further heated up to the required 
regeneration temperature by using the electric heater. Due to the time-varying solar 
radiation absorbed by the PVT-SAH system, the rate of electricity generation by the 
PV cells varied across the daytime, with the peak power being of 4963W (Figure 7.11). 
Around the peak hours of the electricity generation, the total electricity demand of the 
cooling system (including the electric heater and other auxiliary equipments) can be 
covered by the amount of the electricity generated by the PVT-SAH system. However, 
in the morning and late afternoon when the outlet air temperature of PVT-SAH was 
low due to the smaller amount of solar radiation, the amount of electricity consumed 
by the electric heater and other auxiliary equipment can be larger than the rate of 
electricity generation (Figure 7.11).These results demonstrated that the energy 
efficiency of the desiccant cooling system was closely related to the outlet air 
temperature and electricity generation of the PVT-SAH system which were influenced 
by the size of the PVT-SAH system. Therefore, there is a need to examine the influence 
of the size of PVT-SAH on the energy performance of the desiccant cooling system. 
 
Figure 7.10. Instantaneous temperature of the outlet air of PVT-SAH system and the regeneration air. 
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Figure 7.11. Instantaneous electricity generation by the PVT-SAH system and the electricity 
consumption by the auxiliary heater. 
7.3.4 Influence of the areas of PVT-SAH on the system performance 
A series of aperture areas of the PVT-SAH systems that varied from 8 to 80 m2 were 
considered to investigate the influence of the size of the PVT-SAH system on the 
performance of the desiccant cooling system and the results are presented in Figure 
7.12. Figure 7.12 showed that both electrical COP and Solar Fraction of the cooling 
system increased with the increase of the size of PVT-SAH systems, however the 
increase was occurring at a different rate.  
The Solar Fraction of the system increased at a decreasing rate for larger sizes of PVT-
SAH systems. Any further increase of the aperture areas made a marginally small 
contribution to the increase of the Solar Fraction. This was due in part to the fact that 
the thermal efficiency of the PVT-SAH systems decreased from 74% to 46% when the 
aperture areas increased from 8 to 80 m2 as seen in Figure 7.12. On the other hand, the 
amount of cooling provided by the desiccant cooling system did not increase 
proportionally with the increasing outlet air temperature of the PVT-SAH when it was 
greater than a certain temperature (i.e. 120℃).  
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Figure 7.12. Influence of the aperture area of the PVT-SAH on the performance of the desiccant 
cooling system. 
The electrical COP was subject to a considerable increase with the increasing PVT-
SAH areas and reached the value of 33 when the size of the PVT-SAH was 72 m2. 
This was because the electricity consumption by the auxiliary heater can be lower 
when the area of the PVT-SAH was larger, while the energy supplied for cooling to 
the office room was the same regardless of the size of the PVT-SAH system. When 
the Solar Fraction was approaching to one, the COP can be infinitely large. The higher 
COP indicated the lower operating cost of the desiccant cooling system assisted by the 
PVT-SAH, however a higher capital cost would be required for the larger PVT-SAH 
systems. The energy demand of the cooling system (including the thermal energy and 
electricity) can be satisfied when the size of the PVT-SAH reached 80 m2 (equivalent 
to 0.59 m2 per m2 of floor area), leading to an annual electricity surplus of 4.38 GJ 
(without considering the energy consumption for lighting and other electric 
appliances). Using a conventional vapour compression air conditioning system as a 
benchmark with a typical COP between 2.6 and 3.0 (Riffat and Qiu, 2004), the 
minimum aperture area of the PVT-SAH system required to make the desiccant 
cooling system outperform the benchmark was 48 m2 (with the resultant electrical COP 
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of 3.9). This means if the PVT-SAH system’s installation area is larger than 0.35 m2 
per m2 of floor area, the desiccant cooling system is expected to have a lower operating 
cost than benchmark air conditioning systems.  
7.4 Summary 
This chapter presented a modelling methodology of a rotary desiccant cooling system 
assisted by a PVT-SAH, which takes account of the dynamic interactions between 
system components and the conditioned spaces. The models developed were used to 
evaluate and optimise the energy efficiency of the desiccant cooling system. The 
Taguchi method was then employed to identify the near optimal design parameters of 
the PVT-SAH system for maximising the year-round performance (electrical COP) of 
the rotary desiccant cooling system. The optimal annual electrical COP of the 
desiccant cooling system was found to be 19.8 with an annual Solar Fraction of 96.6% 
when the aperture area of the PVT-SAH system was 64 m2 (which is equivalent to 0.47 
m2 per m2 of conditioned floor area).  
The analysis of the indoor air conditions in the building of this study showed that the 
desiccant cooling system and the control strategy can effectively control the indoor air 
conditions within the ranges that are commonly perceived as acceptable in a typical 
year. The energy efficiency of the desiccant cooling system was enhanced as the size 
of the PVT-SAH systems increased. By appropriate sizing of the PVT-SAH system, 
the electrical COP of a rotary desiccant cooling system can be greater than the typical 
electrical COP that was offered by a conventional vapour compression air conditioning 
system. 
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Chapter 8: Conclusions and recommendations for future work 
This thesis presented the development, mathematical modelling, design optimisation 
and economic analysis of high-temperature PVT-SAH systems as well as the 
examination of the technical feasibility of integrating a PVT-SAH system into rotary 
desiccant cooling systems. A PVT-SAH system with fins and a double pass PVT-SAH 
system with heat pipes were developed for improving traditional PVT-SAH designs 
with heat transfer enhancement and reduced heat loss. Both of the proposed PVT-SAH 
systems were developed by integrating a SAH to the outlet of a PVT system and by 
incorporating appropriate technologies for improved heat transfer (i.e. longitudinal 
fins and heat pipes) and reduced heat loss (i.e. glass cover and insulation materials). 
The dynamic models of the proposed PVT-SAH systems were then developed using 
the finite volume method with the Crank-Nicolson scheme to enable the performance 
test of the systems under dynamic operating conditions. A multi-objective design 
optimisation strategy was then developed to facilitate the optimal designs of the 
proposed PVT-SAH systems. An economic analysis using the life-cycle cost saving 
method was also performed to investigate the economic feasibility of the proposed 
PVT-SAH system. Lastly, a strategy to integrate the proposed PVT-SAH systems with 
a desiccant cooling system that was linked with a building was proposed and a dynamic 
integrated system model was developed to enable the performance assessment of the 
system. The major findings from this thesis are summarised in the next sections. 
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8.1 Summary of main outputs 
8.1.1 Development of dynamic models for photovoltaic thermal – solar air heater 
systems  
Dynamic models for two proposed air-based PVT-SAH systems were developed 
through the formulation of energy balance equations for all system components and 
the flowing air through the air channels by using the finite volume technique. The 
dynamic models developed are flexible with regards to the model inputs and output. 
The weather-related variables, geometrical and operating parameters as well as the 
thermophysical properties of components involved in the systems were considered as 
the model inputs, and the temperature changes over time and space for the construction 
components were calculated as outputs. The flexibility of the model made it a useful 
tool for investigations of the heat transfer characteristics, performance evaluation and 
optimisation of the proposed PVT-SAH systems. The dynamic models of the PVT-
SAH systems were validated by comparing the simulation results with experimental 
data collected under real operating conditions or reference data that were reported in 
the literature. Simulation case studies were conducted to investigate the dynamic 
behaviours of the PVT-SAH systems under realistic operating conditions and the 
influence of the design parameters on the thermal and electrical performance of the 
PVT-SAH systems. The main findings obtained from this part of the study are as 
follows: 
• The simulation results from the dynamic models of PVT-SAH with fins and with 
heat pipes agreed well with the experimental data and with the relevant reference 
data reported in the literature.  
• The analysis of the dynamic characteristics of the PVT-SAH with fins showed 
that the resulted Time Constants (TC) of all construction components due to the 
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changes of weather and operating conditions varied from 15 to 40 mins. In 
addition, the thermal energy gains could be overestimated by up to 35% for the 
specific case study used in this thesis if the dynamic characteristics of the PVT-
SAH were not considered, particularly using a steady state model. The results 
from these case studies justified the need of using dynamic models of PVT-SAH 
systems for performance prediction. 
• The PVT-SAH with heat pipes can achieve more efficient temperature control and 
deliver better cooling effects to the PV panels than the PVT-SAH with fins, 
leading to the improved temperature homogeneity of PV panels. 
• The dynamic models allowed for flexible inputs and were not computationally 
expensive. The models could therefore be used for investigating the optimal 
designs of the PVT-SAH systems and for studies on the controls of these systems. 
• The method for developing the dynamic models presented in this study could be 
easily extended to develop simulation models for other types of PVT or SAH 
systems. 
8.1.2 A multi-objective design optimisation strategy for photovoltaic thermal (PVT) - 
solar air heater (SAH) systems 
The thermal and electrical performance of PVT-SAH systems is dependent on a larger 
number of design and operating parameters. A multi-objective design optimisation 
strategy was developed to facilitate the optimal design of the proposed PVT-SAH 
systems. By considering the trade off between useful thermal energy and net electricity 
gains, which enables the designers to identify one or more suitable solutions from the 
obtained Pareto Fronts. A decision-making strategy using the TOPSIS method was 
employed to determine the near-optimal solution from a set of Pareto Fronts. The 
effectiveness of the proposed optimisation strategy was validated by a number of 
Chapter 8 
219 
 
optimisation case studies that were conducted under the typical summer conditions of 
Darwin, Australia. In addition, an uncertainty analysis on the thermal and electrical 
output of the optimal design of PVT-SAH with fins for operating the system under 
uncertain operating conditions was performed. The major findings are summarised 
below. 
• The sensitivity studies using the Taguchi method and global sensitivity analysis 
effectively reduced the optimisation size for the PVT-SAH with fins and the PVT-
SAH with heat pipes.  
• The useful thermal energy from the optimal design of PVT-SAH with fins was by 
21.9 % and 23.4 % greater than that from the two baseline cases. The first baseline 
design was determined from a list of non-optimal designs (that was summarised 
in an orthogonal table), based on the TOPSIS method. The second baseline design 
referred to an original design that was used in Chapter 4. The net electrical gains 
from the optimal design of PVT-SAH with fins were enhanced by 20 % and 126 % 
than those obtained from the two baseline designs. 
• The optimal design of the PVT-SAH with fins performed well in terms of thermal 
and electrical outputs under a range of weather conditions, roof sizes and roof 
angle scenarios. The useful thermal efficiency ranged from 50.5% to 56.5% at the 
confidence interval of 95% and the maximum variation of the electrical efficiency 
was less than 1% for all scenarios tested in this thesis.  
• The optimal design of PVT-SAH with heat pipes performed significantly better 
than a baseline design for different lengths. The useful thermal efficiency was by 
3.2-67.5% higher than that of the baseline design, while the net electrical 
efficiency was improved by 9.9-25.2%. 
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8.1.3 Optimisation of life-cycle cost performance of high-temperature PVT-SAH 
systems 
It is essential to incorporate economic analysis into the performance evaluation of 
PVT-SAH systems to provide more information to support the decision-making 
process for the feasibility of these systems. The life-cycle cost saving method was used 
in this part of study to take into account the effect of all costs related to the construction 
and operation of a PVT-SAH system. Three performance indicators regarding the 
economic feasibility were identified to facilitate the economic analysis. An uncertainty 
analysis was also conducted to quantify the risks associated to the financial 
investments on PVT-SAH systems. The major findings are as follows. 
• The optimal designs of the PVT-SAH systems with heat pipes performed 
significantly better than the PVT-SAH with fins with respect to the useful thermal 
efficiency, but the PVT-SAH systems with heat pipes had higher a construction 
cost. 
• Although the financial investments on all candidate designs of the PVT-SAH 
systems that were considered in this study can be paid back within the life cycle 
of the systems (with the payback time ranging from 1.8 to 16.8 years), the PVT-
SAH with fins showed a shorter payback period and higher life-cycle cost savings. 
• The economic performance indicators of the PVT-SAH systems showed a linear 
relationship with the changes of the construction cost parameters such as cost of 
steel, PV plate, solar selective coating, fabrication and installation as well as 
thickness of the metal sheet, among which the fabrication and installation cost was 
the most influential parameter. 
• In the operational stage, the electricity price per unit kWh was the most influential 
parameter to the economic feasibility of the PVT-SAH. 
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• The operation cost parameters caused significantly larger uncertainty in the 
economic feasibility of the PVT-SAH systems than the construction cost 
parameters. Potential designs of PVT-SAH systems were recommended to reduce 
the economic risks due to the uncertainties, and increase the possibility for profits. 
The lowest uncertainties of annualised life-cycle cost saving (ALCS) were found 
for Option 1 of PVT-SAH with fins (with the PV covering factor being zero) which 
were in the range of A$490-A$772 for different system lengths. 
8.1.4 Modelling and optimisation of a desiccant cooling system assisted by a 
photovoltaic thermal-solar air heater 
A simulation system was developed to examine the energy performance of a rotary 
desiccant cooling system integrated with the PVT-SAH systems. The PVT-SAH 
system with heat pipes was used for this purpose. The main conclusions are as follows: 
• The rotary desiccant cooling system assisted by the PVT-SAH with heat pipes can 
effectively control the indoor air conditions within the ranges that are commonly 
perceived as acceptable and more specifically, for the case study of this thesis, 
within 22 to 24.1℃ for the indoor operative temperature and within 35.2 to 64.8% 
for the relative humidity in a typical year. 
• The energy performance of the rotary desiccant cooling system, in terms of Solar 
Fraction and electrical COP, was significantly influenced by the design 
parameters of the PVT-SAH system. 
• For the specific case study in Chapter 7, the optimal electrical COP of the cooling 
system reached up to 19.8 (with Solar Fraction of 96.6%) when the size of PVT-
SAH was 0.47 m2 per m2 of the conditioned floor area. The optimal electrical COP 
was significantly higher than the electrical COP of the non-optimal designs (0.6-
15.1). 
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• The Solar Fraction and electrical COP of the rotary desiccant cooling system were 
enhanced by increasing the size of the PVT-SAH system. The minimum aperture 
area of the PVT-SAH system required to make the desiccant cooling system 
outperform a conventional vapour compression air conditioning (with a typical 
COP between 2.6 and 3.0 for a commercial building) was 0.35 m2 per m2 of floor 
area for the case studied. 
8.2 Recommendations for future work 
8.2.1 Investigation of options for additional functionality of the desiccant cooling 
system for heating and ventilation purposes. 
The PVT-SAH systems developed in this thesis were mainly used to assist the 
operation of a rotary desiccant cooling system for space cooling. In practice, the 
thermal energy collected by the PVT-SAH systems can also be directly used for space 
heating in winter seasons. It would be worthwhile to explore the opportunities of using 
the studied PVT-SAH assisted desiccant cooling system to provide heating, cooling 
and ventilation in different seasons. 
8.2.2 Incorporation of thermal energy storage units into the system design. 
Secondly, the intermittency of solar radiation is a critical issue that limits the practical 
application of PVT-SAH systems for space heating and cooling. However, the 
investigation of potential solutions to this issue was not a focus of this study. 
Development of effective solutions to address the mismatch between the supply and 
demand of the thermal energy, for example integrating thermal storage units in the 
design of PVT-SAH assisted heating and cooling systems, would be a fruitful area for 
future research. 
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8.2.3 Integration of the MATLAB PVT-SAH models into whole building simulation 
programs. 
The integrated model of the rotary desiccant cooling system presented in this thesis 
was developed by coupling the MATLAB program (for the model of the PVT-SAH 
system) and the EnergyPlus program (for the model of the desiccant cooling system 
that was linked with a building) by using the BCVTB program. It would be beneficial 
in the future to integrate the MATLAB PVT-SAH models into whole building 
simulation programs (e.g. EnergyPlus, ESP-r, TRNSYS etc.) as built-in components 
to enable an easier deployment of PVT-SAH systems in building simulations without 
using BCVTB. On the other hand, BCVTB provides flexibility with control options to 
be tested and could remain important for testing a range of control strategies. 
8.2.4 Comparisons between optimal multi-objective optimisation algorithms. 
A genetic algorithm was used in this thesis for the multi-objective design optimisation 
of PVT-SAH systems, however there are other multi-objective optimisation 
algorithms or methods available in the literature (e.g. bat algorithm, Taguchi fuzzy 
based approach, particle swarm algorithm, etc.). Comparisons between these 
optimisation algorithms or methods with regards to their computation efficiency and 
the resultant optimal performance could be another fruitful area for future studies.  
8.2.5 Development of a control optimisation strategy for the integrated system.  
Finally, although the energy efficiency of the rotary desiccant cooling system assisted 
by the PVT-SAH in this study was enhanced by a design optimisation, development 
of a control optimisation strategy will further improve the energy efficiency of the 
system. 
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8.2.6 Analysis of the economic performance of the PVT-SAH based on year-round 
(i.e. 8760 hours) simulation 
Although the life-cycle cost analysis of the PVT-SAH assisted desiccant cooling 
system was carried out in Chapter 6, calculations on the annual economic performance 
were simplified by using a few assumptions on the weather data and the system model. 
Since a detailed system model for the PVT-SAH assisted desiccant cooling system has 
been developed in Chapter 7, it will be beneficial for future studies to improve the 
accuracy of the economic analysis by performing detailed year-round simulations 
(8760 hours) with the dynamic system model. 
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Appendix A – Expressions of the coefficients contained in Eqs. (4.30)-(4.31) 
Table A. 1. Matrix coefficients in Eq. (4.30) and Eq. (4.31)  
PVT SAH Coefficient expressions 
𝐸1,1 𝐸′1,1 𝐸1,1:  𝐶𝑔 𝑀𝑔 + (1 − γ) ∆𝑡 (ℎ𝑛𝑐
𝑡+∆𝑡 + ℎ𝑟,𝑝𝑣−𝑔
𝑡+∆𝑡 + ℎ𝑤
𝑡+∆𝑡 + ℎ𝑟,𝑔−𝑎
𝑡+∆𝑡 );    𝐸′1,1: replace the subscript ‘pv’ in 𝐸1,1 with ‘p’. 
𝐸1,2 𝐸′1,2 𝐸1,2 : [(γ − 1)∆𝑡 (ℎ𝑛𝑐
𝑡+∆𝑡 + ℎ𝑟,𝑝𝑣−𝑔
𝑡+∆𝑡 )];  𝐸′1,2: replace the subscript ‘pv’ in 𝐸1,1 with ‘p’. 
𝐸2,2  [𝐶𝑝𝑣 𝑀𝑝𝑣 + (1 − 𝛾) ∆𝑡 (𝑈𝑡
𝑡+∆𝑡 + ℎ𝑝𝑣−𝑝
𝑡+∆𝑡 )] 
𝐸2,3  (𝛾 − 1)∆𝑡 ℎ𝑝𝑣−𝑝
𝑡+∆𝑡  
𝐸3,2  (𝛾 − 1) ∆𝑡 ℎ𝑝𝑣−𝑝
𝑡+∆𝑡  
𝐸3,3 𝐸′2,2 𝐸3,3 :  [𝐶𝑝 𝑀𝑝 + (1 − 𝛾) ∆𝑡 (ℎ𝑝𝑣−𝑝
𝑡+∆𝑡 + ℎ𝑐,𝑝−𝑓
𝑡+∆𝑡 + ℎ𝑟,𝑝−𝑏
𝑡+∆𝑡 +
2𝐶𝐾𝑓𝑖𝑛
𝐻𝑓𝑖𝑛
)] ;  𝐸′2,2 : Replace ℎ𝑝𝑣−𝑝
𝑡+∆𝑡  in 𝐸3,3 with 𝑈𝑡
𝑡+∆𝑡 
𝐸3,4 𝐸′2,3 
(𝛾 − 1)∆𝑡 (
2𝐶𝐾𝑓𝑖𝑛
𝐻𝑓𝑖𝑛
) 
𝐸3,5 𝐸′2,4 𝐸3,5: (𝛾 − 1)∆𝑡 ℎ𝑐,𝑝−𝑓 
𝑡+∆𝑡  ;     
𝐸3,6 𝐸′2,5 𝐸3,6:  (𝛾 − 1)∆𝑡 ℎ𝑟,𝑝−𝑏
𝑡+∆𝑡 ;    
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PVT SAH Coefficient expressions 
𝐸4,3 𝐸′3,2 
(γ − 1)∆t (
2𝑒𝐾𝑓𝑖𝑛
𝐻𝑓𝑖𝑛
) 
𝐸4,4 𝐸′3,3 
𝐶𝑓𝑖𝑛 𝑀𝑓𝑖𝑛  + (1 −  γ)∆t (
4𝑒𝐾𝑓𝑖𝑛
𝐻𝑓𝑖𝑛
+ 2 ℎ𝑐,𝑓𝑖𝑛−𝑓
𝑡+∆𝑡 ) 
𝐸4,5  𝐸′3,4 −2(1 −  γ)∆t  ℎ𝑐,𝑓𝑖𝑛−𝑓
𝑡+∆𝑡  
𝐸4,6 𝐸′3,5 −(1 −  γ) ∆t  (
2𝑒𝐾𝑓𝑖𝑛
𝐻
) 
𝐸5,3 𝐸′4,2 (γ − 1) ∆𝑡 𝐴 ℎ𝑐,𝑝−𝑓
𝑡+∆𝑡  
𝐸5,4 𝐸′4,3 (γ − 1) ∆𝑡 (2𝐴𝑓𝑖𝑛 ) ℎ𝑐,𝑝−𝑓
𝑡+∆𝑡  
𝐸5,5 𝐸′4,4 𝐶𝑓 𝜌𝑓(𝑊𝐻𝑐)∆𝑥 + (1 − 𝛾)(2∆𝑡 𝐴 ℎ𝑐,𝑝−𝑓
𝑡+∆𝑡 + 2𝐴𝑓𝑖𝑛 ∆𝑡  ℎ𝑐,𝑓𝑖𝑛−𝑓
𝑡+∆𝑡 + 2𝐶𝑓𝑀𝑓∆𝑡)̇  
𝐸5,6 𝐸′4,5 (γ − 1)∆𝑡 𝐴 ℎ𝑐,𝑏−𝑓
𝑡+∆𝑡  
𝐸6,3 𝐸′5,2 (γ − 1) ∆𝑡 ℎ𝑟,𝑝−𝑏
𝑡+∆𝑡  
𝐸6,4 𝐸′5,3 
(γ − 1) ∆𝑡 (
2 𝐶𝐾𝑓𝑖𝑛
𝐻𝑓𝑖𝑛
 ) 
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PVT SAH Coefficient expressions 
𝐸6,5 𝐸′5,4 (γ − 1) ∆𝑡 ℎ𝑐,𝑏−𝑓
𝑡+∆𝑡  
𝐸6,6 𝐸′5,5 
𝐶𝑏𝑀𝑏 + (1 − 𝛾)∆𝑡 (
2 𝐶𝐾𝑓𝑖𝑛
𝐻𝑓𝑖𝑛
+ ℎ𝑟,𝑝−𝑏
𝑡+∆𝑡 + ℎ𝑐,𝑏−𝑓
𝑡+∆𝑡 + 𝑈𝑏) 
𝑄1 𝑄′1 𝑄1: [𝐶𝑔 𝑀𝑔 − γ ∆𝑡 (ℎ𝑛𝑐
𝑡 + ℎ𝑟,𝑝𝑣−𝑔
𝑡 + ℎ𝑤
𝑡 + ℎ𝑟,𝑔−𝑎
𝑡 )]𝑇𝑔,𝑖
𝑡 + [γ ∆𝑡 (ℎ𝑛𝑐
𝑡 + ℎ𝑟,𝑝𝑣−𝑔
𝑡 )]𝑇𝑝𝑣,𝑖
𝑡 + γ ∆𝑡 [𝛼𝑔𝐼𝑡
𝑡 + ℎ𝑤
𝑡  𝑇𝑎𝑚𝑏
𝑡 + ℎ𝑟,𝑔−𝑎
𝑡 𝑇𝑠𝑘𝑦
𝑡 ] +
(1 −  γ)∆𝑡[𝛼𝑔 𝐼𝑡
𝑡+∆𝑡 + ℎ𝑤
𝑡+∆𝑡  𝑇𝑎𝑚𝑏
𝑡+∆𝑡 + ℎ𝑟,𝑔−𝑎
𝑡+∆𝑡  𝑇𝑠𝑘𝑦
𝑡+∆𝑡] ;           𝑄′1:  replace the subscript ‘pv’ in 𝑄1 with ‘p’. 
 
𝑄2  [𝐶𝑝𝑣 𝑀𝑝𝑣 −  𝛾 ∆𝑡 (𝑈𝑡
𝑡 + ℎ𝑝𝑣−𝑝
𝑡 )] 𝑇𝑝𝑣,𝑖
𝑡 + 𝛾 ∆𝑡 ℎ𝑝𝑣−𝑝
𝑡  𝑇𝑝,𝑖
𝑡 + 𝛾 ∆𝑡 𝑈𝑡
𝑡  𝑇𝑎𝑚𝑏
𝑡 + (1 − 𝛾)∆𝑡  𝑈𝑡
𝑡+∆𝑡  𝑇𝑎𝑚𝑏
𝑡+∆𝑡 + 𝛾 ∆𝑡 (𝜏𝑔𝛼𝑝𝑣) 𝐼𝑡
𝑡  (1 − 𝜂𝑝𝑣
𝑡 ) + (1
− 𝛾) ∆𝑡 (𝜏𝑔𝛼𝑝𝑣) 𝐼𝑡
𝑡+∆𝑡  (1 − 𝜂𝑝𝑣
𝑡+∆𝑡) 
𝑄3 𝑄′2 𝑄3:  𝛾 ∆𝑡  ℎ𝑝𝑣−𝑝
𝑡  𝑇𝑝𝑣,𝑖
𝑡 + [𝐶𝑝 𝑀𝑝 − 𝛾∆𝑡 (ℎ𝑝𝑣−𝑝
𝑡 + ℎ𝑐,𝑝−𝑓
𝑡 + ℎ𝑟,𝑝−𝑏
𝑡 +
2𝐶𝐾𝑓𝑖𝑛
𝐻𝑓𝑖𝑛
] 𝑇𝑝,𝑖
𝑡 +  𝛾∆𝑡 (
2𝐶𝐾𝑓𝑖𝑛
𝐻𝑓𝑖𝑛
) 𝑇𝑓𝑖𝑛,𝑖
𝑡 + 𝛾∆𝑡ℎ𝑐,𝑝−𝑓 
𝑡 𝑇𝑓.𝑖
𝑡 + 𝛾∆𝑡 ℎ𝑟,𝑝−𝑏
𝑡  𝑇𝑏.𝑖
𝑡+∆𝑡 
𝑄′2: [𝐶𝑝 𝑀𝑝 −  𝛾 ∆𝑡 (𝑈𝑡
𝑡 + ℎ𝑐,𝑝−𝑓
𝑡 + ℎ𝑟,𝑝−𝑏
𝑡 +
2𝐶𝐾𝑓𝑖𝑛
𝐻𝑓𝑖𝑛
)] 𝑇𝑝,𝑖
𝑡  + 𝛾 ∆𝑡 (
2𝐶𝐾𝑓𝑖𝑛
𝐻𝑓𝑖𝑛
) 𝑇𝑓𝑖𝑛,𝑖
𝑡 + 𝛾 ∆𝑡 ℎ𝑐,𝑝−𝑓 
𝑡  𝑇𝑓,𝑖
𝑡 + 𝛾 ∆𝑡 ℎ𝑟,𝑝−𝑏
𝑡  𝑇𝑏,𝑖
𝑡 + 𝛾 ∆𝑡 (𝜏𝑔𝜎𝑝) 𝐼𝑡
𝑡  + (1 −
𝛾) ∆𝑡 (𝜏𝑔𝜎𝑝)𝐼𝑡
𝑡+∆𝑡  + 𝛾 ∆𝑡 𝑈𝑡
𝑡  𝑇𝑎𝑚𝑏
𝑡 + (1 − 𝛾)∆𝑡  𝑈𝑡
𝑡+∆𝑡  𝑇𝑎𝑚𝑏
𝑡+∆𝑡 
𝑄4 𝑄′3 
γ ∆t (
2𝑒𝐾𝑓𝑖𝑛
𝐻𝑓𝑖𝑛
)𝑇𝑝,𝑖
𝑡   + [𝐶𝑓𝑖𝑛 𝑀𝑓𝑖𝑛  − 𝛾 ∆t (
4𝑒𝐾𝑓𝑖𝑛
𝐻𝑓𝑖𝑛
+ 2 ℎ𝑐,𝑓𝑖𝑛−𝑓
𝑡 )] 𝑇𝑓𝑖𝑛,𝑖
𝑡  + 2 𝛾∆t  ℎ𝑐,𝑓𝑖𝑛−𝑓
𝑡  𝑇𝑓,𝑖
𝑡 + 𝛾 ∆t  (
2𝑒𝐾𝑓𝑖𝑛
𝐻𝑓𝑖𝑛
) 𝑇𝑏,𝑖
𝑡  
𝑄5 𝑄′4 γ ∆𝑡 𝐴 ℎ𝑐,𝑝−𝑓
𝑡  𝑇𝑝,𝑖
𝑡 + γ ∆𝑡 (2𝐴𝑓𝑖𝑛 ) ℎ𝑐,𝑓𝑖𝑛−𝑓
𝑡  𝑇𝑓𝑖𝑛,𝑖
𝑡 + [𝐶𝑓 𝜌𝑓(𝑊𝐻𝑐)∆𝑥 + 𝛾 (2∆𝑡 𝐴 ℎ𝑐,𝑝−𝑓
𝑡 + 2𝐴𝑓𝑖𝑛 ∆𝑡  ℎ𝑐,𝑓𝑖𝑛−𝑓
𝑡 + 2𝐶𝑓𝑀𝑓∆𝑡)̇  ] 𝑇𝑓,𝑖
𝑡 + 𝛾 ∆𝑡 𝐴 ℎ𝑐,𝑏−𝑓
𝑡  𝑇𝑏,𝑖
𝑡
+ 2 𝛾∆𝑡 𝐶𝑓𝑀?̇? 𝑇𝑖𝑛,𝑖
𝑡 + 2 (1 − 𝛾)∆𝑡 𝐶𝑓𝑀?̇? 𝑇𝑖𝑛,𝑖
𝑡+∆𝑡 
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𝛾 ∆𝑡 ℎ𝑟,𝑝−𝑏
𝑡  𝑇𝑝,𝑖
𝑡 + 𝛾 ∆𝑡 (
2 𝐶𝐾𝑓𝑖𝑛
𝐻𝑓𝑖𝑛
 ) 𝑇𝑓𝑖𝑛,𝑖
𝑡 + 𝛾 ∆𝑡 ℎ𝑐,𝑏−𝑓
𝑡  𝑇𝑓,𝑖
𝑡 + [𝐶𝑏𝑀𝑏 − 𝛾 ∆𝑡 (
2 𝐶𝐾𝑓𝑖𝑛
𝐻𝑓𝑖𝑛
+ ℎ𝑟,𝑝−𝑏
𝑡 + ℎ𝑐,𝑏−𝑓
𝑡 + 𝑈𝑏)]𝑇𝑏,𝑖
𝑡 + 𝛾 ∆𝑡𝑈𝑏𝑇𝑎𝑚𝑏
𝑡  + (1 − 𝛾)∆𝑡𝑈𝑏𝑇𝑎𝑚𝑏
𝑡+∆𝑡 
 
